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Push-off intensity is largely governed by the interaction between the triceps surae muscles 
(i.e., gastrocnemius and soleus) and the architecturally complex Achilles tendon (AT). Recent 
evidence suggests that the gastrocnemius and soleus muscles transmit their forces through bundles 
of tendon fascicles (i.e., “subtendons”) that form the AT. Using ultrasound imaging, we and others 
have revealed non-uniform displacement patterns within the AT – evidence for sliding between 
adjacent subtendons that may facilitate independent muscle actuation. This dissertation contends 
that independent muscle actuation is biomechanically important; despite sharing a common 
tendon, the triceps surae muscles undergo different fascicle kinematics during walking and 
contribute differently to powering walking. However, in older adults, we have observed more 
uniform AT tissue displacement with the potential to disrupt independent muscle actuation. This 
dissertation aims to fill two major gaps. First, to our knowledge, no empirical studies have 
characterized the origins of sliding between human Achilles subtendons. Second, more uniform 
AT tissue displacements correlates with reduced push-off intensity, alluding to unfavorable shifts 
in muscle fascicle behavior during walking – a finding that is unsubstantiated but has wide-
reaching translational implications. 
In study 1, we introduced a dual-probe imaging approach and presented evidence that 
triceps surae muscle dynamics precipitate non-uniform AT displacement patterns. In study 2, we 
 
iv 
revealed that older adults have more uniform AT tissue displacements that are accompanied by 
potentially unfavorable changes in muscle contractile behavior during isolated contractions. In 
study 3, we combined electromyography, ultrasound imaging, and musculoskeletal modeling and 
revealed the gastrocnemius muscles play a more significant role than the soleus in governing 
changes in forward propulsion during walking. In study 4, again during walking, we suggest that 
the capacity for sliding between subtendons facilitates independent muscle actuation in young 
adults but restricts actuation in older adults, likely contributing to reduced push-off intensity. In 
study 5, using electrical stimulation, we reveal evidence that localized AT displacements respond 
in anatomically consistent ways to different patterns of muscle activation. Together, these studies 
accelerate our understanding of musculoskeletal mechanisms underlying age-related mobility 
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CHAPTER 1: INTRODUCTION 
Older adults experience reductions in walking speed and push-off intensity, thereby 
negatively influencing mobility and quality of life (Hardy, Perera, Roumani, Chandler, & 
Studenski, 2007; Purser et al., 2005; Studenski et al., 2011). Push-off intensity (i.e., net ankle joint 
moment and mechanical power), as detailed in the following sections, is primarily influenced by 
the Achilles tendon, a critical passive elastic structure that transmits substantial contractile forces 
from the gastrocnemius and soleus muscles that make up the triceps surae (Fukashiro, Hay, & 
Nagano, 2006; Oda et al., 2007; Orselli, Franz, & Thelen, 2017; Zajac, 1989). There is strong 
evidence that a precipitous decline in mechanical output from the triceps surae plays a vital role in 
age-related decreases in walking speed (Barrett & Lichtwark, 2008; Beijersbergen, Granacher, 
Vandervoort, DeVita, & Hortobagyi, 2013; DeVita & Hortobagyi, 2000). However, declines in 
muscles strength and power capacity do not fully explain reductions in moment or power 
generation during walking, nor do targeted resistance training programs that increase these 
parameters translate to improvements in push-off intensity or walking speed (Beijersbergen et al., 
2013; DeVita & Hortobagyi, 2000; Foure, Nordez, McNair, & Cornu, 2011). This dissertation is 
motivated by the overarching working hypothesis that the interaction between tissue behavior 
within the architecturally complex Achilles tendon and the contractile behavior of individual 
triceps surae muscles is a poorly understood, yet vastly important, biomechanical phenomena that 
influences walking mobility and is uniquely compromised by aging. To fully assess this 




characterizing the underlying tissue behavior affecting age-related mobility loss – with far 
reaching implications for the design and control of wearable assistive devices and for targeted 
therapeutics.  
Ultrasound Imaging in Biomechanics Research 
Conventional analyses of age-related changes in walking biomechanics typically involve 
comparing young and older adult cohorts via joint-level kinematics (e.g., joint angles) and kinetics 
(e.g., joint moments/powers) in response to altered task demand (Sikdar, Wei, & Cortes, 2014). 
Although important, these analyses do not provide direct assessment of underlying tissue behavior 
and often rest upon inferences about the pathophysiological mechanisms undergirding age-related 
reductions in ankle moment and power generation. Unlike conventional biomechanical analyses, 
advances in ultrasound imaging have enabled the direct assessment of in vivo muscle contractile 
behavior and tendon tissue behavior (Cronin, af Klint, Grey, & Sinkjaer, 2011; Sikdar et al., 2014). 
At the muscle-level, cine B-mode ultrasound imaging, together with automated tracking 
techniques (e.g., UltraTrack), provides dynamic measurements of triceps surae kinematics (e.g., 
fascicle length and pennation angle) with high validity and reliability (Farris & Lichtwark, 2016). 
At the tendon-level, tissue displacements are largely perpendicular to the ultrasound beam 
direction, thereby reducing the accuracy of motion tracking due to low lateral resolution (Chernak 
& Thelen, 2012). Fortunately, advances in two-dimensional ultrasound elastography enable sub-
pixel motion estimates that exploit the phase information present in ultrasound radiofrequency data 
and thus provide reliable estimates of Achilles tendon tissue displacements (Chernak & Thelen, 
2012; Chernak Slane & Thelen, 2014). However, tracking muscle- or tendon-level behavior 
separately fails to fully capture the complex interactions between triceps surae muscles and their 




take the next step in moving science forward, we must have a fundamental appreciation for the 
architecture and function of the Triceps Surae Muscle-Tendon Unit.  
Triceps Surae Muscle-Tendon Architecture and Function 
The timing and magnitude of peak ankle moment and peak ankle power is largely governed 
by the forces generated and work performed by the biarticular gastrocnemius and uniarticular 
soleus muscles of the triceps surae (Whittington, Silder, Heiderscheit, & Thelen, 2008; Zelik, 
Huang, Adamczyk, & Kuo, 2014). Despite collectively transferring their force through a common 
distal tendon, the triceps surae muscles undergo different shortening behaviors during walking 
(Barber et al., 2017; Cronin, Avela, Finni, & Peltonen, 2013; Cronin & Finni, 2013) and, 
biomechanically, contribute differently to walking subtasks. However, the relative contribution of 
these individual muscles to forward propulsion versus vertical support is equivocal. Gastrocnemius 
activation exhibits larger changes than the soleus in response to conditions that alter the demand 
for forward propulsion (Gottschall & Kram, 2003; Miyoshi, Nakazawa, Tanizaki, Sato, & Akai, 
2006). Similarly, gastrocnemius muscle stimulation elicits larger anterior shifts in the stance phase 
center of pressure than soleus muscle stimulation (Francis, Lenz, Lenhart, & Thelen, 2013). 
Conversely, soleus muscle work derived from computational simulations changes more than that 
for the gastrocnemius in response to altered propulsive demands (Lenhart, Francis, Lenz, & 
Thelen, 2014; Neptune, Sasaki, & Kautz, 2008). Despite the relatively disparate literature on this 
topic to date, likely due to a wide range of measurement techniques and research questions, these 
cumulative findings highlight the importance of gastrocnemius versus soleus muscle actuation 




Achilles Tendon Architecture and Function 
This dissertation contends that these muscle-level differences (i.e., gastrocnemius versus 
soleus muscle contractile behavior) are facilitated by the architecturally complex Achilles tendon, 
which itself consists of three distinct bundles of tendon fascicles, known as “subtendons”, that 
twist as they descend to the calcaneus (Del Buono, Chan, & Maffulli, 2013; Doral et al., 2010; 
Edama et al., 2015; Edama et al., 2016; Handsfield et al., 2017; Pekala et al., 2017; Szaro, 
Witkowski, Smigielski, Krajewski, & Ciszek, 2009). Using ultrashort echo time magnetic 
resonance imaging, combined with literature reports of cadaveric studies (Bojsen-Moller & 
Magnusson, 2015; Edama et al., 2015; Sarrafian, 1993; Szaro et al., 2009), Handsfield et al. (2017) 
developed a 3D computational model of generalized Achilles tendon anatomy that included 
subtendon morphology (Handsfield et al., 2017). Based on these cumulative reports, the Achilles 
tendon is comprised of a posterior (superficial) section with tendon fascicles arising from the 
medial and lateral gastrocnemius and a more anterior (deep) section with tendon fascicles arising 
from the soleus. In comparative literature, sliding between adjacent subtendons has been 
commonly observed in rat and equine tendons and has the potential to allow independent actuation 
of triceps surae muscles (Finni et al., 2018; Gains et al., 2020; Maas, Noort, Baan, & Finni, 2020; 
Thorpe, Udeze, Birch, Clegg, & Screen, 2013). In humans, evidence for sliding is generally 
attributed to observations of non-uniform Achilles tendon tissue displacement patterns (i.e., 
significant differences in tissue displacements attributed to the gastrocnemius versus soleus 
subtendon). Non-uniform Achilles tendon tissue displacement patterns have been shown during 
passive ankle rotation (Arndt, Bengtsson, Peolsson, Thorstensson, & Movin, 2012), eccentric 
loading (Slane & Thelen, 2014, 2015), and walking (Franz, Slane, Rasske, & Thelen, 2015). 




our knowledge, no empirical studies have characterized the origins of sliding between adjacent 
subtendons within the human Achilles tendon.  
Origins of Achilles Tendon Non-Uniformity 
Recent model predictions implicate differences in gastrocnemius versus soleus muscle 
forces as a plausible candidate for non-uniform Achilles tendon tissue displacement patterns 
(Handsfield et al., 2017). In the aforementioned modeling study, Handsfield et al. (2017) tuned a 
finite-element model of the Achilles tendon to replicate published estimates of in vivo Achilles 
tendon tissue displacements (Slane & Thelen, 2014). The authors interrogated their model to reveal 
that without differential muscle forces, Achilles tendon tissue non-uniformity decreased by 85% 
(Handsfield et al., 2017). This prediction has support in comparative literature of the rat Achilles 
tendon. Using electrical stimulation in combination with tracking the movement of sutured 
subtendons, Finni et al. (2018) found that the soleus subtendon undergoes substantially greater 
strain during soleus muscle stimulation, thus increasing the magnitude of non-uniform Achilles 
tendon tissue displacements (Finni et al., 2018). One implication of these findings is that triceps 
surae muscle dynamics themselves may precipitate non-uniform displacement patterns in the 
human Achilles tendon – a finding for which experimental evidence has not yet been presented.  
Age-Related Changes to Muscle-Tendon Interaction 
With advancing age, reduced mechanical output from the interaction between triceps surae 
muscles and the Achilles tendon is likely multifactorial. At the muscle-level, in older adults, 
gastrocnemius and soleus contractile behavior is deleteriously affected by changes in myofilament 
protein biology, muscle coordination, and loss of viable motor units (Miller, Callahan, & Toth, 
2014). The resultant effects on triceps surae muscle force generation contributes to age-related 




morphology. At the tendon-level, older adults experience changes in viscoelastic and quasi-static 
properties of tendon fascicles that affect the ability of the tendon to store and return elastic energy 
(i.e., stress relaxation, stiffness, structural alignment) (Thorpe et al., 2013). To fully capture these 
age-related changes in muscle- and tendon-level behavior and their relevance to plantarflexor 
mechanical output, a detailed assessment of muscle- and tendon-level length-tension during 
walking is warranted. In previous studies, compared to those in young adults, our research group 
has observed more uniform Achilles tendon tissue displacements in older adults during walking 
(Franz & Thelen, 2015). These findings agree well with animal models of the aging tendon that 
present with a proliferation of collagen cross-linking and prominent reductions in sliding between 
subtendons (Thorpe, Udeze, Birch, Clegg, & Screen, 2012; Thorpe et al., 2013). Thus, an 
important inspiration for this dissertation arises; if triceps surae muscle dynamics can precipitate 
anatomically consistent patterns of localized tissue displacements within the architecturally 
complex Achilles tendon, would an age-related reduction in the capacity for sliding between 
adjacent subtendons negatively influence muscle contractile behavior during walking? 
Understanding the functional consequences of age-associated reductions in the capacity for sliding 
between adjacent subtendons within the human Achilles tendon may provide important insight 
into functionally limiting impairments in elderly gait. Indeed, simulating a reduced capacity for 
inter-fascicle sliding in the Achilles tendon, and thus a loss of mechanical independence between 
the gastrocnemius and soleus muscles, predicts unfavorable shifts in muscle fascicle behavior 
during walking (Franz & Thelen, 2016). 
Dissertation Objectives 
The purpose of this dissertation was first to investigate individual triceps surae (i.e., medial 




tissue displacement patterns during isolate contractions. In the first study (Chapter Two), published 
in PeerJ, we introduced a novel dual-probe imaging technique that quantified in vivo 
gastrocnemius and soleus muscle dynamics in synchrony with localized tendon tissue 
displacements within their associated Achilles subtendons. After establishing mechanistic causal 
links in young adults, we investigated aging effects on triceps surae muscle-Achilles subtendon 
interaction (Chapter Three), a study that was invited and later published in a special issue on aging 
in the Journal of Connective Tissue Research. In Chapter Four, published in the Annals of 
Biomedical Engineering, we combined electromyography, ultrasound imaging, and 
musculoskeletal modeling to establish the differential role of triceps surae muscles in young adults 
and thus the need for relative independence in force transmission through the Achilles tendon. In 
Chapter Five, we investigated changes in gastrocnemius versus soleus muscle shortening as a 
determinant for previously observed correlations between more uniform Achilles tendon tissue 
displacements and reduced plantarflexor mechanical output in older adults. Finally, in Chapter Six, 
using surface muscle electrical stimulation, we made an early effort to establish mechanistic cause 
and effect relations between activation of triceps surae muscles and resultant localized Achilles 
subtendon tissue displacement patterns. Together, these studies accelerate our understanding of 
musculoskeletal mechanisms underlying age-related mobility impairment toward improving the 
health and welfare of our rapidly aging population. Moreover, characterizing the underlying tissue 
behavior affecting age-related mobility loss could accelerate the development of engineered 








CHAPTER 2: DO TRICEPS SURAE MUSCLE DYNAMICS GOVERN NON-UNIFORM 
ACHILLES TENDON DEFORMATIONS?1 
 
INTRODUCTION 
The Achilles tendon (AT) is a critical passive elastic structure that transmits contractile 
forces from the gastrocnemius and soleus muscles (i.e., triceps surae) to generate a moment about 
the ankle, thereby powering activities such as walking (Fukashiro et al., 2006). In young adults, 
the power generated via triceps surae muscle-tendon interaction during walking is responsible for 
70%-80% of the mechanical power needed for forward propulsion and swing initiation (Neptune, 
Zajac, & Kautz, 2009; Whittington et al., 2008; Zelik et al., 2014). The architecturally complex 
AT consists of three distinct bundles of tendon fascicles, known as “sub-tendons” (Handsfield et 
al., 2017), arising from the medial and lateral gastrocnemius and soleus muscles (Bojsen-Moller 
& Magnusson, 2015; Edama et al., 2015; Szaro et al., 2009). Recent advances in the use of 
dynamic, in vivo ultrasound imaging have revealed non-uniform displacement patterns within the 
AT. Those non-uniform patterns are commonly interpreted as evidence for sliding between 
adjacent sub-tendons, which has the potential to facilitate independence between the individual 
triceps surae muscles (Arndt et al., 2012; Chernak Slane & Thelen, 2014; Franz & Thelen, 2015). 
However, the mechanisms governing these non-uniform displacement patterns, and their relevance 
to triceps surae muscle contractile dynamics, remain elusive.  
 
1 This chapter previously appeared as an article in PeerJ. The original citation is as follows: Clark, W. H., 
& Franz, J. R. (2018). Do triceps surae muscle dynamics govern non-uniform Achilles tendon 




To our knowledge, no empirical studies have characterized the origins of sliding between 
adjacent sub-tendons within the human AT. However, recent model predictions implicate 
differential gastrocnemius versus soleus muscle dynamics as a plausible candidate (Handsfield et 
al., 2017). Using anatomy derived from MRI, Handsfield et al. (2017) tuned a finite-element model 
of the AT to replicate published estimates of in vivo AT tissue displacements during isolated 
contractions (Chernak Slane & Thelen, 2014). The authors interrogated their model to reveal that 
without differential muscle forces, AT tissue non-uniformity decreased by 85% (Handsfield et al., 
2017). One implication of this prediction is that triceps surae muscle dynamics may precipitate 
non-uniform displacement patterns in the human AT – a finding for which experimental evidence 
has not yet been presented. Indeed, other factors, including differences in sub-tendon material or 
architectural properties or in calcaneal insertion have also been implicated (Franz & Thelen, 2015; 
Thorpe et al., 2012, 2013).  
Cine B-mode imaging has revealed important disparities between the individual triceps 
surae muscles. For example, Ishikawa et al. (2005) found that gastrocnemius muscle fascicles 
remain isometric or shorten during the late stance phase of walking while soleus muscle fascicles 
lengthen (Ishikawa, Niemela, & Komi, 2005). Cronin et al. (2013) added that the contractile 
behavior of the gastrocnemius, but not the soleus, changed with walking speed (Cronin et al., 
2013). These data allude to the potential for functional benefits at the muscle level conferred by 
independent actuation – actuation that may be facilitated by the AT itself (Huijing, Yaman, Ozturk, 
& Yucesoy, 2011; Kawakami, Ichinose, & Fukunaga, 1998; Tian, Herbert, Hoang, Gandevia, & 
Bilston, 2012). However, we recently observed cine B-mode imaging of gastrocnemius and soleus 
muscle dynamics alone are unable to reliably estimate interactions between these muscles and their 




triceps surae muscle dynamics in precipitating non-uniform displacement patterns within the AT, 
there is a critical need for innovation in our measurement techniques; to understand the 
complexities of muscle and tendon behavior, you must measure muscle and tendon behavior.  
Our goal was to investigate individual triceps surae (i.e., medial gastrocnemius and soleus) 
muscle dynamics as a determinant of non-uniform AT tissue displacement patterns during isolated 
contractions. We used a dual-probe ultrasound imaging technique to quantify in vivo 
gastrocnemius and soleus muscle dynamics in synchrony with localized tendon tissue 
displacements within their associated sub-tendons. We hypothesized that superficial versus deep 
differences in AT tissue displacements would be accompanied by and correlate with anatomically 
consistent differences in medial gastrocnemius (GAS) versus soleus (SOL) muscle shortening. We 
also tested the secondary hypothesis that the relationship between AT tissue displacements and 
GAS versus SOL muscle shortening would vary with ankle angle, which we would interpret in the 
context of altered triceps surae force generating capacity (Huijing et al., 2011; Kawakami et al., 
1998; Tian et al., 2012) and tendon slack (Herbert et al., 2011; Hug, Lacourpaille, Maisetti, & 
Nordez, 2013).     
 
METHODS 
Subjects and Protocol 
We estimated that n=8 subjects would have 80% power to detect (p<0.05) previously 
reported differences between peak GAS and SOL sub-tendon displacements (i.e., 5.95 mm versus 
8.49 mm) in young subjects during an isolated ankle task (Slane & Thelen, 2015). We recruited 
12 subjects to participate and excluded 3 subjects during our quality control process. Specifically, 




algorithm, later described, for any one condition fell below 80%. Thus, we report data for 9 
subjects (age: 25.1 ± 5.6 years, mass: 69.8 ± 6.9 kg, height: 1.7 ± 0.1 m, 4 females and 5 males). 
Subjects provided written informed consent as per the UNC Chapel Hill IRB and walked without 
an assistive aid, had no orthopedic disorders within the last six months nor any neurological 
disorder or disease, and did not have a leg prosthesis. Subjects first walked on a treadmill (Bertec 
Corp., Columbus, OH) for 6 min at 1.25 m/s to pre-condition their triceps surae muscle-tendon 
units and reach steady-state behavior (Hawkins, Lum, Gaydos, & Dunning, 2009). Subjects then 
performed three ramped maximum isometric voluntary contractions at each of five ankle angles 
(10º dorsiflexion to 30º plantarflexion in 10º increments) in a dynamometer (Biodex, Shirly, NY), 
with the knee flexed to replicate that near the push-off phase of walking (~20 degrees). To elicit a 
symmetric loading-unloading profile, subjects started from rest and increased their plantarflexor 
moment until reaching their voluntary maximum at 2 seconds, before steadily returning to rest at 
4 seconds. Prior to data collection, subjects briefly practiced this 4 second ramped contraction 
using a real-time display of their net ankle moment for positive reinforcement. We fully-
randomized the ankle angles, and subjects rested at least one minute between each contraction. 
Subjects were barefoot throughout the experiment to allow proper placement of the ultrasound 
transducers. 
Measurements 
We synchronized two 10 MHz linear array ultrasound transducers to simultaneously record 
GAS and SOL fascicle kinematics with tissue displacements in their associated tendinous 
structures (Figure 1). A 60 mm Telemed Echo Blaster 128 ultrasound transducer (LV7.5/60/128Z-
2, UAB Telemed, Vilnius, Lithuania) placed over the mid-belly of the GAS of subjects’ right leg 




depth of 65 mm. This Telemed transducer placement and depth also enabled imaging of the SOL 
in the same image plane (Cronin et al., 2013; Tian et al., 2012). Simultaneously, a 38-mm 
transducer (L14-5W/38, Ultrasonix Corporation, Richmond, BC) operating at 70 frames/s 
recorded 128 lines of ultrasound radiofrequency (RF) data from subjects’ right free AT, distal to 
the SOL muscle-tendon junction, using an image depth of 20 mm and secured using a custom 
orthotic. Placement of this probe was prescribed by the fit of our custom orthotic, secured with 
straps just proximal to the malleoli and thus selected to replicate the placement used in prior studies 
(i.e., ~6 cm proximal to the calcaneal insertion) (Franz et al., 2015).  
Eight cameras from a 14-camera motion capture system (Motion Analysis, Corp., Santa 
Rosa, CA) operating at 100 Hz recorded the 3D positions of 14 retroreflective markers placed on 
the subjects’ right lower leg and ultrasound transducers. An inverse kinematics routine (Silder et 
al., 2008) estimated ankle and knee joint angles and we recorded the plantarflexor moment from 
the dynamometer at 1000 Hz. 
We collected binary synchronization signals from the Telemed and Ultrasonix machines at 
1000 Hz. These signals co-registered the onset of ultrasound data collected from the GAS, SOL, 
and free AT with the plantarflexor moment and marker trajectories. We analyzed all data between 
key-frames at the beginning and end of each ramped contraction, defined using a threshold of 5% 
peak moment. From the ultrasound data, we quantified time series of (i) GAS and SOL fascicle 
kinematics and (ii) tendon tissue kinematics, each interpolated to 1000 data points per trial, as 
described below. 
Muscle Kinematics 
Following best practices outlined by Farris and Lichtwark (2016), the same investigator 




surrounding each muscle and their aponeuroses (Figure 1). We then defined one GAS and one 
SOL muscle fascicle in the mid-region of the imaged plane, considered representative of the 
muscle belly, from their superficial to deep aponeurosis in the first “key-frame” of every trial. 
Open source MATLAB routines based on an affine extension to an optic flow algorithm quantified 
time series of GAS and SOL fascicle lengths (Lfascicle) and pennation angles (α) (Farris & 
Lichtwark, 2016). Pennation angles corresponded to the oblique angle between the image 
horizontal axis and the defined fascicle of the respective muscle. Finally, to more directly place 
these muscle dynamics in the context of tendon tissue displacement, we combined muscle fascicle 
lengths and pennation angles to compute muscle length longitudinal to its line of action (Lmuscle):  
𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐿𝐿𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 
Tendon Kinematics 
A 2D speckle tracking algorithm estimated localized displacements of AT tissue using 
previously published techniques (Chernak & Thelen, 2012; Chernak Slane & Thelen, 2014). In 
brief, we defined a rectangular ROI, measuring ~15 x 3 mm on a B-mode image of the free AT 
created from the raw RF data at the first “key-frame” of each trial. The ROI contained a grid of 
nodes with 0.83 x 0.42 mm spacing defined to encompass only tendinous tissue. A 2 mm x 1 mm 
kernel containing up-sampled (4x) RF data, centered at each nodal position, provided a search 
window over which we defined two-dimensional (2D) normalized cross-correlation functions 
between successive frames. We defined localized frame-to-frame nodal displacements that 
maximized these 2D cross-correlations, with the cumulative displacement representing the average 
of forward and backward tracking results. Nodal displacements were regularized using second 




average longitudinal nodal displacements originating from two equally sized tendon depths (Szaro 
et al., 2009) - superficial and deep - corresponding to tendon tissue thought to arise from GAS and 
SOL, respectively. This orientation represents the anatomical arrangement most prevalent in 
cadaveric studies (Anson & McVay, 1971; Edama et al., 2015; Gils, Steed, & Page, 1996; Szaro 
et al., 2009). Although previous authors have acknowledged that in some anatomical observations 
the individual sub-tendons varied in their thickness, in the majority of the anatomical observations, 
the gastrocnemius sub-tendon was the same size as the soleus sub-tendon (Anson & McVay, 1971; 
Del Buono et al., 2013; Doral et al., 2010; Gils et al., 1996). Here, we report these average 
longitudinal displacements as representing that of tissue within the corresponding GAS and SOL 
sub-tendons (Figure 1). Finally, we quantified tendon non-uniformity by reporting the difference 
between peak tendon tissue displacements of the superficial and deep regions of the tendon.  
Statistical Analysis 
For each outcome measure, we took the average of the three conditions for each ankle 
angle. A two-way repeated measures ANOVA tested for main effects of and interactions between 
ankle angle and muscle-tendon unit (i.e., GAS and SOL) on peak muscle shortening and peak 
tendon tissue displacement using an alpha level of 0.05. When a significant main effect was found, 
post-hoc pairwise comparison identified the ankle angles at which GAS versus SOL differences 
were significant. For peak plantarflexor moment, a one-way repeated measures ANOVA tested for 
significant main effects of ankle angle and Pearson’s correlation coefficients assessed the relation 
to muscle and sub-tendon tissue kinematics. We then calculated Pearson’s correlation coefficients 
between: (i) GAS and SOL muscle shortening and displacement in their associated regions of the 
AT (i.e., superficial and deep, respectively) and (ii) muscle shortening differences (i.e., GAS 




we calculated Pearson’s correlation coefficients between GAS and SOL muscle shortening and 
displacement in their unassociated region of the AT (i.e., GAS versus deep, SOL versus 
superficial). Finally, we qualitatively assessed the independent contributions of fascicle length 
versus pennation angle on GAS and SOL muscle length changes. We plotted percent change in 
fascicle length versus percent change in the cosine of pennation angle (i.e., contributors to muscle 
length change) and noted apparent trends against the line of unity with a ratio of 1:1. 
 
RESULTS 
Peak plantarflexor moment decreased progressively from dorsiflexion to plantarflexion 
across the range of angles tested (p<0.01). Muscle and sub-tendon tissue kinematics were relatively 
independent of ankle angle; only SOL fascicle and longitudinal muscle shortening exhibited 
significant main effects (p’s=0.03), with pairwise comparisons revealing smaller changes at 30º 
plantarflexion compared to the other conditions. However, consistent with this observation, SOL 
tendon displacements also tended to be smaller at 30º plantarflexion (p=0.064). Across all ankle 
angles, the SOL shortened by an average of 78% more than the GAS during moment generation 
(p<0.01) (Figure 2A), due both to greater fascicle shortening and a larger increase in pennation 
(p’s<0.01) (Figure 3). However, change in fascicle length had a greater influence than change in 
the cosine of pennation on longitudinal GAS and SOL muscle shortening (Figure 3).  
SOL versus GAS differences at the muscle level were accompanied by, on average, 51% 
more displacement in the deep versus superficial region of the AT (p<0.01) (Figure 2B). Moreover, 
the magnitude of peak GAS and SOL muscle shortening positively correlated with peak 
displacements in their associated regions of the AT (GAS: R2=0.48; SOL: R2=0.63; p’s<0.01) 




anatomically consistent differences in GAS versus SOL muscle shortening (R2=0.37, p<0.01) 
(Figure 4B). The strength of these latter correlations varied systematically with ankle angle, 
becoming stronger with increased ankle dorsiflexion (Table 1). Conversely, those correlations 
became non-significant at 20º (p=0.10) and 30º (p=0.99) plantarflexion. We also found moderate 
to strong correlations between GAS and SOL muscle shortening and displacement in their 
unassociated region of the AT (R2=0.38 and R2=0.65, respectively; p’s<0.05). Finally, across all 
conditions, peak muscle shortening (GAS: R2=0.37; SOL: R2=0.47) and sub-tendon tissue 






















Figure 1: We used a dual-probe ultrasound imaging approach that enables the simultaneous 
assessment of the medial gastrocnemius (GAS) and soleus (SOL) muscle fascicle kinematics with 
tissue displacements in their associated sub-tendons of the free Achilles tendon (AT). (A) Time 
series of fascicle lengths and pennation angles were derived from cine B-mode images. (B) A 
custom 2D speckle tracking algorithm estimated localized displacements of two equally sized 
tendon depths - superficial and deep - corresponding to tendon tissue thought to arise from GAS 















Figure 2: Group mean (standard error) (A) muscle shortening and (B) sub-tendon displacements 
(nodal displacement relative to initial position; proximal positive) across the range of ankle angles 
tested. Gray shaded regions show the group mean net profile during each loading-unloading cycle. 
Across all conditions, SOL shortened by an average of 78% more than GAS during force 
generation. This was accompanied by, on average, 51% more lengthening in the deep versus 
superficial region of the free AT. Asterisks (*) indicate statistically significant (p<0.05) differences 











Figure 3: Group mean percent change in fascicle length versus percent change in the cosine of 
pennation angle for the gastrocnemius (GAS) and soleus (SOL) across the range of ankle angles 
tested. The dashed line represents a line of unity (i.e., equal contributions from fascicle shortening 
and fascicle rotation). SOL consistently exhibited more fascicle shortening and fascicle rotation 
than GAS. For all conditions, fascicle shortening had a greater influence on longitudinal muscle 

















Figure 4: (A) Correlations between peak GAS or SOL muscle shortening and displacement in 
their associated regions of the AT. (B) Correlation between superficial versus deep differences in 










Table 1.  
Correlations (R2) and p- values between peak muscle shortening and peak sub-
tendon tissue displacements at each ankle angle. 
  -10° 0° 10° 20° 30° 
GAS R
2 0.52 0.20 0.67 0.50 0.32 
p- value 0.044 0.073 0.007 0.031 0.114 
SOL R
2 0.77 0.38 0.75 0.76 0.36 
p- value 0.004 0.075 0.003 0.002 0.088 
SOL-GAS R
2 0.78 0.60 0.45 0.33 0.04 
p- value 0.004 0.015 0.049 0.104 0.991 
Bold numbers represent significant correlations (p <0.05). 



















We investigated the role of triceps surae muscle dynamics in precipitating non-uniform 
tissue displacements in the architecturally complex Achilles tendon (AT). We also used a dual-
probe ultrasound imaging technique empowering the simultaneous measurement of GAS and SOL 
muscle fascicle dynamics together with tissue displacements within their associated sub-tendons 
of the AT. Our results build on dual-probe approaches applied previously to GAS quantifying 
muscle fascicle and muscle-tendon junction kinematics (Ishikawa & Komi, 2008; Matijevich, 
Branscombe, & Zelik, 2018). Our findings largely supported our first hypothesis; independent of 
ankle angle, SOL shortened more than GAS during moment generation – muscle-level differences 
were accompanied by and correlated with anatomically consistent differences in sub-tendon tissue 
displacements. As we elaborate, these findings provide empirical evidence for a mechanistic link 
between non-uniform displacement patterns within the human AT and the operating behavior of 
the triceps surae muscles.  
Previous anatomical work has shown that the human free AT near our imaging location 
consists predominantly of superficial tendon fascicles arising from GAS and deep tendon fascicles 
arising from SOL (Szaro et al., 2009). Consistent with this architecture, the SOL muscle and its 
associated deep region of the AT in all cases both underwent larger kinematic changes during 
moment generation compared to those structures associated with GAS. Although not previously 
quantified simultaneously, these triceps surae muscle (Fukashiro et al., 2006; Hoang, Herbert, 
Todd, Gorman, & Gandevia, 2007; Lauber, Lichtwark, & Cresswell, 2014; Maganaris, 
Baltzopoulos, & Sargeant, 1998) and AT tissue (Franz et al., 2015) kinematics are generally 
consistent with those reported for a variety of activities spanning isolated contractions to functional 




tendon) than in the superficial AT (i.e., GAS sub-tendon) during the stance phase of walking, a 
phase in which GAS and SOL muscle fascicles exhibit different operating behavior (Ishikawa, 
Komi, Grey, Lepola, & Bruggemann, 2005). In their review, Bojsen-Møller and Magnusson 
(2015) summarize evidence for heterogeneous loading within the AT and at least conceptualize 
the potential for differential GAS and SOL activations, and thus muscle contractile dynamics, to 
precipitate non-uniform patterns of AT tissue displacements (Bojsen-Moller & Magnusson, 2015).  
Despite conceptual descriptions (Bojsen-Moller & Magnusson, 2015) and recent model 
predictions (Handsfield et al., 2017), we lacked evidence for the role of muscle dynamics in 
governing non-uniform mechanical behavior within the AT. Consistent with our first hypothesis, 
here we found that differences between peak SOL and GAS muscle shortening positively 
correlated with those between peak SOL and GAS sub-tendon tissue displacement during fixed-
end contractions. Coupled with anatomically consistent differences in muscle shortening and 
tendon tissue displacements described above, these correlations suggest that triceps surae muscle 
dynamics can give rise to sliding between adjacent sub-tendons within the human AT.  
We qualitatively assessed the contributions of fascicle length versus pennation angle to 
differences between GAS and SOL muscle contractile behavior. Fascicle length and pennation 
angles of the GAS and SOL, including their changes during isometric contractions, agree well with 
published values (Maganaris, 2003; Maganaris et al., 1998; Tilp, Steib, Schappacher-Tilp, & 
Herzog, 2011). In all cases, fascicle shortening contributed more than fascicle rotation to the 
longitudinal GAS and SOL muscle length changes. Moreover, the SOL exhibited both larger 
fascicle shortening and fascicle rotation than GAS. In fact, we noted very little pennation angle 




behavior arise from a combination of larger fascicle shortening and rotation in SOL versus GAS, 
contributing to the non-uniform length change dynamics ultimately borne by the AT.  
The strength of the correlation between tendon displacement non-uniformity and GAS 
versus SOL muscle differences in shortening increased with ankle dorsiflexion, which we interpret 
as support for our secondary hypothesis. Correlations were strongest at the most dorsiflexed ankle 
angle (i.e., 10º), decreasing progressively with increasing plantarflexion. This observation may 
reflect the effects of decreased tendon slack, decreased muscle passive tension, and/or larger peak 
moments conveyed by increasing ankle dorsiflexion. Indeed, muscle and tendon mechanical 
behavior may exhibit complex changes in response to ankle rotation (Hug et al., 2013). More 
tendon slack would imply greater tendon length change, and thus tendon tissue displacements, 
prior to the onset of force transmission (Zajac, 1989). We suspect that differences in tendon slack 
explain the relatively invariant tendon kinematics across the range of ankle angles tested, despite 
systematic changes in peak moment. Similarly, more tendon slack and/or differences between 
GAS and SOL tendon slack lengths may explain why these correlations became insignificant with 
increasing ankle plantarflexion. We also found that ankle dorsiflexion maximized peak moment, 
and presumably AT force transmission, consistent with prior studies (Ackland, Lin, & Pandy, 
2012; Scovil & Ronsky, 2006; Zajac, 1989). Thus, larger forces may themselves convey stronger 
correlations between muscle and tendon tissue dynamics. Simultaneously, or perhaps alternatively, 
ankle angle effects on the mechanical properties of the individual triceps surae muscles and sub-
tendons themselves could influence the relation between muscle and tendon behavior. Additional 
study here is certainly warranted. 
Although sliding between adjacent sub-tendons in the AT may convey some independence 




connective tissues between these muscles is also prevalent. Oda et al. (2007) found that an isolated 
stimulus to GAS elicited a similar time course and magnitude of length change in both GAS and 
SOL (Oda et al., 2007). Kinugasa et al. (2013) also suggested that interaponeurosis shear, elicited 
by adjacent muscle dynamics, influences displacements of the distal muscle-tendon junctions 
(Kinugasa, Oda, Komatsu, Edgerton, & Sinha, 2013). More recently, Finni et al. (2017) added that 
the strength of this lateral connectivity increases with muscle activation (Finni, Cronin, Mayfield, 
Lichtwark, & Cresswell, 2017). However, non-uniform AT displacement patterns are also present 
during passive ankle rotation in the absence of triceps surae muscle loading (Arndt et al., 2012; 
Chernak Slane & Thelen, 2014). For this study, we interpret our findings in the context of their 
relevance to independent actuation; follow-up studies are necessary to better understand the 
relative role of lateral force transmission. Indeed, we found that SOL muscle shortening exhibited 
strong positive correlations with GAS sub-tendon displacement, and vice versa. One interpretation 
of this finding is that SOL, having by far the largest force-generating capacity of the triceps surae 
muscles (Albracht, Arampatzis, & Baltzopoulos, 2008; Ogihara et al., 2017) coupled with having 
greater fascicle shortening and rotation than GAS, has a preferential influence on tendon tissue 
displacements in the free AT. Taking together, our results reflect independent and inter-dependent 
mechanical behavior between individual triceps surae muscle-tendon units. Indeed, intermuscular 
force transmission is documented within the triceps surae (Huijing et al., 2011; Tian et al., 2012). 
There are other possible factors contributing to AT tissue non-uniformity that may act in 
concert with triceps surae muscle dynamics. Material property differences between adjacent sub-
tendons may elicit non-uniform displacement patterns. Indeed, Matson et al. (2012) reported up to 
two-fold variations in elastic modulus between different leg tendons (Matson, Konow, Miller, 




and cross-sectional areas) may influence their mechanical properties (e.g., stiffness) and thus 
displacement patterns (Szaro et al., 2009). As another example, differences between sub-tendon 
slack lengths could also contribute. We consider the present study a first step toward an improved 
understanding of the relative contributions of these factors in governing triceps surae muscle-
tendon behavior. 
If triceps surae muscle dynamics can precipitate non-uniform Achilles tendon tissue 
displacements, can tendon-level changes influence muscle contractile behavior? For example, our 
findings may be important for understanding the functional consequences of age-associated 
reductions in inter-fascicle sliding within the human AT. Compared to those in young adults, we 
have observed more uniform AT tissue displacements in older adults during walking (Franz & 
Thelen, 2015), which may reflect collagen cross-linking and interfascicle adhesions (Thorpe et al., 
2013). These tendon-level changes correlate with a reduced plantarflexor moment during walking 
in older adults, alluding to unfavorable functional consequences. Moreover, simulating a reduced 
capacity for inter-fascicle sliding in the AT, and thus a loss of mechanical independence between 
the GAS and SOL, predicts unfavorable shifts in muscle fascicle behavior during walking (Franz 
& Thelen, 2016). Our present work provides a foundation for using dual-probe imaging to gain 
mechanistic insight into these earlier observations. 
There are several limitations of this study. First, we only report data for the medial 
gastrocnemius and SOL, including a generalized anatomical approximation of their associated sub-
tendons (Edama et al., 2015; Gils et al., 1996; Szaro et al., 2009). Second, two-dimensional 
imaging may not fully capture the three-dimensional behavior of the triceps surae muscles and AT. 
For example, the SOL muscle is comprised of anterior, posterior, medial, and lateral components 




not represent other regions. Third, muscle tracking reliability depends on meticulous fascicle 
determination and incumbent semi-automated tracking limitations (Farris & Lichtwark, 2016). To 
minimize these effects, one investigator performed all analyses. Fourth, the pennation angle 
defined by UltraTrack is not representative of a true pennation angle due to the software identifying 
the line of action as the horizontal axis of the image. We have also previously described the 
limitations of our 2D speckle tracking estimates of AT tissue displacements (Franz et al., 2015). 
We add here that cross-correlation estimates of tissue motion can be subject to spatial averaging. 
However, based on a previously published validation (Chernak & Thelen, 2012; Chernak Slane & 
Thelen, 2014), we do not suspect this significantly influenced our findings nor interpretation. We 
also opted to report sub-tendon tissue displacements, an outcome we can measure with a higher 
level of confidence than sub-tendon elongation. Specifically, estimating sub-tendon tissue 
elongation relative to a motion capture estimate of calcaneal insertion can be prone to errors 
associated with coronal plane ankle rotation, tendon slack, and the complexities of AT curvature - 
errors that require further study (Csapo, Hodgson, Kinugasa, Edgerton, & Sinha, 2013; Matijevich 
et al., 2018). Fifth, we made no attempt to estimate forces transmitted through the AT, which are 
heterogeneous and highly complex (Bojsen-Moller & Magnusson, 2015). We also note that ankle 
and knee angles became slightly (<5º) more extended from rest to peak moment generation. The 
sub-tendon tissue displacements reported here likely reflect some combination of that due to 
muscle shortening at the proximal attachment and that due to calcaneus displacement (via ankle 
rotation) at the distal attachment. However, Handsfield et al. (2017) found a very negligible effect 
of retrocalcaneal tendon insertion on GAS-SOL differences in sub-tendon tissue displacement, 




consistent behavior between muscle and sub-tendons, our conclusions are based in part on 
correlations that cannot definitively convey causal links.  
 
CONCLUSION 
We present evidence that triceps surae muscle dynamics may precipitate non-uniform 
displacement patterns in the architecturally complex Achilles tendon. Moreover, we used a dual-
probe imaging approach to empower simultaneous assessment of muscle and tendon toward an 
improved mechanistic understanding of triceps surae behavior. Our findings may be important for 
understanding age-associated changes in AT displacement patterns, which we suspect alter muscle 















CHAPTER 3: TRICEPS SURAE MUSCLE-SUBTENDON INTERACTION DYNAMICS 
DIFFERS BETWEEN YOUNG AND OLDER ADULTS2  
 
INTRODUCTION 
The timing and magnitude of peak ankle moment, governed by the mechanical output of 
the lateral and medial gastrocnemius (GAS) and soleus (SOL) muscles (i.e., triceps surae) and 
their common series elastic structures, is an important determinant of walking performance 
(Sawicki, Lewis, & Ferris, 2009). However, despite sharing a common tendon, muscles 
comprising the triceps surae undergo different fascicle kinematics during walking and, 
biomechanically, contribute differently to forward propulsion and vertical support (McGowan, 
Neptune, & Kram, 2008). This differential behavior at the muscle level alludes to the possibility 
that these muscles act, at least in part, as functionally independent actuators. Building on this 
premise, more recent evidence shows that the architecturally complex Achilles tendon consists of 
distinct subtendons arising from each of the individual triceps surae muscles (Edama et al., 2015; 
Handsfield et al., 2017). Comparative data and our own in vivo evidence allude to the prevalence 
of sliding between these adjacent subtendons that has the potential to facilitate independence 
between the GAS and SOL (Arndt et al., 2012; Clark & Franz, 2018b; Slane & Thelen, 2014). 
Unfortunately, animal models of the aging tendon present with a proliferation of collagen cross-
 
2 This chapter previously appeared as an article in Connective Tissue Research. The original citation is as 
follows: Clark, W. H., & Franz, J. R. (2020). Triceps Surae Muscle-Subtendon Interaction Differs Between 





linking and prominent reductions in interfascicle sliding (Thorpe et al., 2012, 2013). Those 
observations also appear to be clinically meaningful; during walking, age-associated reductions in 
measures of subtendon sliding within the human Achilles tendon correlate with smaller peak ankle 
moments during push-off in older adults (Franz & Thelen, 2015). Although this alludes to a 
mechanistic link between Achilles subtendon tissue displacements and altered muscle contractile 
behavior due to aging, we are not aware of direct empirical data that would support such a 
conclusion. 
There is strong evidence that a precipitous decline in peak ankle moment plays a vital role 
in age-related mobility deficits (Beijersbergen et al., 2013; DeVita & Hortobagyi, 2000). Reduced 
mechanical output from the triceps surae is likely multifactorial, and the functional consequences 
of, for example, sarcopenia and distal leg muscle weakness are well-documented. However, 
declines in muscle strength alone cannot fully explain age-related reductions in push-off intensity 
during walking, nor do simple strengthening exercises directly translate to improvements in ankle 
moment or walking speed (Beijersbergen et al., 2013; Foure et al., 2011). The current study is 
motivated by the overarching working hypothesis that changes in the interaction between triceps 
surae muscle behavior and Achilles subtendon tissue displacements contributes to a reduced 
capacity for ankle moment generation during walking in older versus young adults (Browne & 
Franz, 2017). Finni et al. (2018) revealed that independent GAS versus SOL muscle stimulation 
elicits large differences in the Achilles subtendon strain patterns and mechanical output in rats 
(Finni et al., 2018). Thus, as a logical and needed extension, we aim to determine the mechanistic 




Indirect evidence from young adults is consistent with the notion that subtendon-level 
changes can alter the contractile behavior of individual triceps surae muscles. For example, we 
recently investigated the relation between Achilles subtendon tissue displacement patterns and 
individual triceps surae muscle fascicle shortening using synchronized, dual-probe ultrasound 
imaging (Clark & Franz, 2018b). There, consistent with our conceptual premise, we revealed that 
differences between GAS and SOL subtendon displacements were accompanied by and correlated 
with anatomically consistent differences between GAS and SOL muscle shortening. In young 
adults, this implicates triceps surae muscle contractile behavior in precipitating sliding between 
adjacent subtendons comprising the Achilles tendon. By logical extension, this outcome also 
suggests that reduced interfascicle sliding at the tendon-level due to aging could unfavorably 
couple GAS and SOL behavior at the muscle-level. Length changes of GAS (Mian, Thom, Ardigo, 
Minetti, & Narici, 2007) and SOL (Rubenson, Pires, Loi, Pinniger, & Shannon, 2012) muscle 
fascicles have been measured separately during activities spanning isolated contractions to walking 
in young and older subjects. As one example, older adults walk with shorter GAS (Mian et al., 
2007) and SOL (Panizzolo, Green, Lloyd, Maiorana, & Rubenson, 2013) muscle fascicle lengths, 
most likely due to an age-related increase in Achilles tendon compliance (Onambele, Narici, & 
Maganaris, 2006). However, only young adult studies have simultaneously measured fascicle 
behavior in both GAS and SOL (McGowan et al., 2008; Neptune et al., 2009). Moreover, no study 
to date has compared simultaneous muscle- and tendon-level measurements between cohorts of 
young and older adults. Thus, we have an incomplete understanding of how age-related tendon-
level changes influence muscle-level behavior. 
As an important step toward establishing mechanistic causal links, the purpose of this study 




displacement patterns and triceps surae muscle contractile behavior using dual-probe ultrasound 
imaging during a series of ramped maximum isometric voluntary contractions. We hypothesized 
that, compared to young adults, older adults would have (i) more uniform Achilles subtendon 
tissue displacements that (ii) would be accompanied by anatomically consistent (i.e., smaller 
differences, same sign) GAS versus SOL muscle length change behavior. Finally, based on 
evidence that the human AT becomes more compliant in old age, we tested the secondary 
hypothesis that older adult subtendons would be more sensitive than younger adult subtendons to 
changes in force transmission that follow from changes in ankle joint position (i.e., more 
displacement per unit force).   
 
METHODS 
Subjects and Protocol 
We report data for nine younger subjects (age: 25.1 ± 5.6 years, mass: 69.8 ± 6.9 kg, height: 
1.7 ± 0.1 m, four females) and ten older adult subjects (age: 74.3 ± 3.4 years, mass: 67.2 ± 9.0 kg, 
height: 1.7 ± 0.1 m, four females). Each subject provided written informed consent as per the 
University of North Carolina at Chapel Hill Internal Review Board (16-0379). All subjects did not 
require an assistive aid to walk, were free from any neurological disorder or disease, did not have 
a leg prosthesis, and have not had an orthopedic disorder within the last six months. To 
precondition their Achilles tendon and triceps surae, subjects first walked on a treadmill (Bertec 
Corporation, Columbus, OH) for six min at a self-selected walking speed (above 1.0 m/s) 
(Hawkins et al., 2009). Thereafter, while sitting in a Biodex System 4-Pro (Biodex, Shirly, NY), 
subjects completed a series of three ramped maximum isometric voluntary contractions at four 




the knee flexed to replicate the push-off phase of walking (~20-30º). We instructed subjects to 
“push like a gas pedal” (i.e., attempt to isolate their triceps surae), and perform a four second, 
symmetric loading-unloading profile. To comply, subjects started at rest and increased ankle 
moment until they reached a voluntary maximum at two seconds, before steadily returning to rest 
at four seconds. Before the first recorded trial, subjects practiced the ramped contractions using a 
real-time display of their ankle moment. During data collection, we fully-randomized ankle angle 
and provided one minute of rest between contractions. Subjects were barefoot throughout the data 
collection to facilitate proper placement of the ultrasound transducers. 
Measurements 
We utilized the same methodological approach as previously reported in our younger adult 
data collection (Clark & Franz, 2018b). Two linear array 10 MHz ultrasound transducers 
simultaneously recorded GAS and SOL fascicle kinematics and tissue displacements in their 
associated tendinous structures (Supplementary Figure 1). The first transducer (LV7.5/60/128Z-2, 
UAB Telemed, Vilnius, Lithuania), placed over the GAS mid-belly of the subject’s right leg, 
recorded cine B-mode images at 61 frames/s through a longitudinal cross section using an image 
depth of 65 mm. The transducer placement and depth enabled synchronized assessment of GAS 
and SOL in the same image plane (Tian et al., 2012). Simultaneously, a second ultrasound 
transducer (L14-5W/38, Ultrasonix Corporation, Richmond, BC) placed over the subjects’ right 
free AT, distal to the SOL muscle-tendon junction, recorded 128 lines of ultrasound 
radiofrequency data at 70 frames/s using an image depth of 20 mm. We secured the second 
ultrasound probe with a custom orthotic, secured just proximal to the malleoli to replicate the 
placement used in prior studies (i.e., ~ six cm proximal to the calcaneal insertion point) (Franz et 




Operating at 100 Hz, eight cameras (Motion Analysis Corporation, Santa Rosa, CA) 
recorded the three-dimensional positions of 14 retroreflective markers placed on the subjects’ 
lower right leg and each ultrasound transducer. We synchronized binary ultrasound signals (i.e., 
signals indicating the start and stop of collection) from each transducer at 1000 Hz using a wave 
form generator (SDG1025, SIGLENT, Shenzhen). The Biodex dynamometer (Biodex, Shirly, NY) 
recorded ankle moment at 1000 Hz. Post collection, we estimated ankle and knee joint angles using 
a custom inverse kinematics routine (Silder, Heiderscheit, & Thelen, 2008). We co-registered 
ultrasound signals, ankle moment, and marker trajectories with GAS, SOL, and free Achilles 
tendon ultrasound data. Using a key-frame threshold of 5% peak ankle moment, we analyzed all 
co-registered data between key-frames at the beginning and end of each ramped contraction. 
Finally, we quantified time series of (i) triceps surae muscle kinematics (i.e., GAS and SOL muscle 
length change) and (ii) Achilles subtendon tissue kinematics (i.e., GAS and SOL subtendon 
displacements), each interpolated to 1000 data points per trial, described in detail below. 
Muscle Kinematics 
We controlled for tracking limitations and inter-investigator variability by following the 
best practices outlined by Farris and Lichtwark (2016), with the same investigator interrogating 
and performing all triceps surae tracking (Farris & Lichtwark, 2016). First, we defined a static 
region of interest surrounding each muscle and their aponeuroses (Supplementary Figure 1). In the 
first key-frame of each trial, we defined one GAS and one SOL muscle fascicle, drawn from their 
superficial to deep aponeurosis. We selected a fascicle that was in the mid-region of the imaged 
plane and most represented the muscle belly. An open source MATLAB routine, UltraTrack 
(Farris & Lichtwark, 2016), based on an affine extension to an optic flow algorithm quantified 




longitudinal tissue displacements, we multiplied muscle fascicle length by the cosine of pennation 
angle to compute longitudinal muscle length along the Achilles tendon line of action. 
Tendon Kinematics 
Using previously published techniques (Chernak Slane & Thelen, 2014), we quantified 
localized displacements of Achilles subtendon tissue using a custom two-dimensional speckle 
tracking algorithm. Briefly, we created a rectangular region of interest (~15 x 3 mm grid of nodes 
with 0.83 x 0.42 mm spacing, encompassing only tendinous tissue) on a B-mode image of the free 
Achilles tendon reconstructed from the raw radiofrequency data at the first key-frame of each trial. 
Centered at each nodal position, a 2 mm x 1 mm kernel containing up-sampled (4x) radiofrequency 
data acted as a search window for successive two-dimensional normalized cross-correlation 
functions. Frame-to-frame nodal displacements that maximized the two-dimensional cross-
correlations were regularized using second order polynomials. These cumulative displacements 
represented the average of forward and backward tracking results and quantified the longitudinal 
displacement originating from two equally sized tendon depths - superficial and deep - 
corresponding to tendon tissue thought to arise from GAS and SOL, respectively. This orientation 
(i.e., free Achilles tendon ~ six cm proximal to the calcaneal insertion point) exemplifies the most 
prevalent anatomical arrangement in cadaveric studies (Anson & McVay, 1971; Gils et al., 1996; 
Szaro et al., 2009), with the GAS subtendon and SOL subtendon each representing 50% of the 
longitudinal cross section of the Achilles tendon (Doral et al., 2010). We report these average 
displacements as GAS and SOL subtendon tissue displacements. We report Achilles subtendon 






For each outcome measure, we took the average of the three conditions for each ankle angle 
for statistical analysis in SPSS. First, a Shapiro-Wilks test assessed normal distributions for each 
outcome measure. Subsequently, a three-way mixed factorial analysis of variance (ANOVA) 
tested for main effects of and interactions between age, ankle angle, and muscle-tendon unit (i.e., 
MTU, GAS vs. SOL) on peak muscle shortening and peak subtendon tissue displacements using 
an alpha level of 0.05. Post-hoc comparisons identified the ankle angles at which the muscle-
tendon units were significantly different. Specifically, we used independent samples and Mann-
Whitney tests for outcome measures found normally and not normally distributed, respectively. A 
two-way repeated measures ANOVA tested for significant main effects of and interactions 
between age and ankle angle on peak ankle moment. Pearson’s correlation coefficients assessed 
the relation between muscle and subtendon kinematics (i.e., GAS muscle and GAS subtendon, 
SOL muscle and SOL subtendon) in young and in older adults. We then calculated Pearson’s 
correlation coefficients between tendon non-uniformity (i.e., difference between GAS subtendon 
displacement and SOL subtendon displacement) and muscle level differences (i.e., difference 
between GAS muscle shortening and SOL muscle shortening). Finally, we calculated Pearson’s 
correlation coefficients between GAS and SOL peak subtendon displacement and mass normalized 
peak ankle moment.  
 
RESULTS 
Across conditions, subjects’ knee flexion angle averaged 24.4 ± 5.1º. In young and older 
adults, peak ankle moment decreased progressively with increasing plantarflexion (p<0.001, 




significantly lower at each ankle angle (p-values≤0.024) and averaged 34% lower across all angles 
(Age, p<0.001). Average GAS and SOL muscle and subtendon profiles for each ankle angle are 
shown in Figure 5. We found significant age×MTU interactions for peak subtendon 
displacement and peak muscle shortening (p-values≤0.002). In young adults, peak SOL 
subtendon tissue displacements averaged 51% more than GAS subtendon tissue displacements 
(MTU, p<0.001), and peak SOL muscle shortening averaged 76% more than peak GAS muscle 
shortening (MTU, p=0.025, Figure 6). In older adults, peak SOL subtendon tissue displacements 
averaged 31% more than GAS subtendon tissue displacements (MTU, p=0.006, Figure 6). 
However, compared to young adults, those differences, indicative of tendon non-uniformity, 
averaged 63% smaller in older adults (Age, p<0.001, Figure 7). Also in older adults, peak SOL 
muscle shortening was indistinguishable from peak GAS muscle shortening (Age, p=0.502, Figure 
6). Moreover, differences between GAS and SOL peak muscle shortening were 61% smaller in 
older adults (Age, p=0.002, Figure 7).   
For young adults, the magnitude of peak GAS and peak SOL muscle shortening pooled 
across ankle angles positively correlated with peak displacements in their associated regions of the 
Achilles tendon (GAS: R2=0.486; SOL: R2=0.618; p-values<0.001, Figure 8A). In older adults, 
those correlations remained relatively strong and significant only for SOL (GAS: R2=0.089, 
p=0.061; SOL: R2=0.382, p<0.001). Only in young adults did tendon non-uniformity (i.e., 
differences between peak SOL subtendon displacement and peak GAS subtendon displacement) 
positively correlate with anatomically consistent differences between GAS and SOL muscle 
shortening (R2=0.310, p<0.001; Figure 8B). Indeed, we found no such relation in older adults 
(R2=0.008, p=0.579). Peak GAS subtendon displacement and peak SOL subtendon displacement 




values<0.001) and in older adults (GAS: R2=0.506; SOL: R2=0.561; p-values<0.001) (Figure 9). 
However, older adult GAS and SOL subtendons were significantly more sensitive to changes in 
ankle moment (Angle×Age interactions, p-values<0.001).  Finally, peak ankle moment positively 
correlated with tendon non-uniformity (Young: R2=0.186; Older: R2=0.341; p-values≤0.009) but 
not with differences between GAS and SOL peak muscle shortening (Young: R2=0.036; Old: 
























Figure 5: (A) Group mean medial gastrocnemius (GAS) and soleus (SOL) peak muscle shortening 
for young and older adults. (B) Group mean GAS and SOL peak subtendon displacement. 
Asterisks (*) represent significant differences between young and older adults (p<0.05). Bars 










Figure 6: (A) Compared to young, differences between soleus (SOL) muscle shortening and 
medial gastrocnemius (GAS) muscle shortening decreased by 61% in older adults. (B) Achilles 
tendon non-uniformity (differences between peak SOL subtendon displacement and peak GAS 
subtendon displacement) decreased by 63%. Asterisks (*) represent significant differences 
between young and older adults (p<0.05). Double asterisk (**) indicates a Mann-Whitney 









Figure 7: Group mean (A) muscle shortening and (B) subtendon displacements across the range 
of ankle angles tested (plantarflexion, positive). Young adult (solid line) and older adult (dashed 
line) medial gastrocnemius (GAS) muscle and subtendon shown in blue and soleus (SOL) muscle 














Figure 8: (A) Correlations between peak GAS or peak SOL muscle shortening and displacement 
in their associated Achilles subtendons. (B) Correlation between Achilles tendon non-uniformity 


















Figure 9: (A) Correlations between peak GAS subtendon displacement or peak SOL subtendon 
displacement and normalized peak ankle moment for young (solid line) and older (dashed line) 
adults. (B) Correlations between Achilles tendon non-uniformity (differences between peak SOL 
subtendon displacement and peak GAS subtendon displacement) and normalized peak ankle 
















Supplementary Figure 1: We utilized a dual-probe ultrasound imaging approach to simultaneous 
assess medial gastrocnemius (GAS) and soleus (SOL) muscle length change and tissue 
displacement in their associated subtendons of the free Achilles tendon at 4 different ankle angles. 
(A) An open source MATLAB routine quantified time series of GAS and SOL fascicle lengths 
and pennation angles from cine B-mode images. (B) A custom 2-dimensional speckle tracking 
















Supplementary Figure 2: Group mean peak ankle moment at each ankle angle (plantarflexion, 
positive) for young and older adults. Older adults are shifted to the right for clarity. Compared to 
young adults, older adults’ peak ankle moment was significantly lower at each ankle angle (*, p-











In this study, we investigated the effect of aging on triceps surae muscle-subtendon 
interaction during a series of ramped maximum isometric voluntary contractions. Our data fully 
supported our primary hypothesis that age-related effects on Achilles subtendon tissue 
displacement patterns would be mirrored by anatomically consistent effects on triceps surae 
muscle contractile behavior. Specifically, compared to young adults, older adults had more 
uniform Achilles subtendon tissue displacements that extended to smaller differences between 
gastrocnemius and soleus muscle shortening. Likewise, our data supported our secondary 
hypothesis; compared to those in young adults, older adult subtendons were significantly more 
sensitive to changes in force transmission that followed from changes in ankle joint position. As 
we describe in more detail below, these results may provide a biomechanical basis for previously 
reported correlations between more uniform subtendon tissue displacements and reduced ankle 
moment generation during walking in older adults (Franz & Thelen, 2015).  
Overall, our findings for peak GAS and peak SOL subtendon displacements, as well as the 
differences between the two, are consistent with prior studies (Arndt et al., 2012; Bojsen-Moller 
& Magnusson, 2015). Studies investigating the effect of aging on Achilles tendon non-uniformity 
have revealed more uniform free Achilles subtendon tissue displacements in animal models 
(Thorpe et al., 2013), middle-aged humans (Slane & Thelen, 2015), and in older humans (Franz & 
Thelen, 2015). Moreover, our findings for GAS and SOL fascicle length, pennation angle, and 
longitudinal muscle length change are generally consistent with prior literature on isolated 
contractions (Kawakami et al., 1998; Maganaris et al., 1998). Age-associated differences in triceps 




surae muscle volume (Macaluso et al., 2002), force-generating capacity (Narici, Maganaris, 
Reeves, & Capodaglio, 2003), and specific tension (i.e., maximum voluntary force divided by 
cross-sectional area) with increasing age (Kent-Braun & Ng, 1999). Consistent with these findings, 
our older adult subjects exerted, on average, 34% smaller peak ankle moments than young adults. 
However, we found no significant difference in peak GAS or peak SOL muscle shortening between 
young and older adults, consistent with some (Karamanidis & Arampatzis, 2006) but not all (Narici 
et al., 2003) studies. Indeed, some studies have reported an association between reduced muscle 
mass and smaller muscle length change during isolated triceps surae contractions in older adults 
(Morse, Thom, Birch, & Narici, 2005; Narici et al., 2003). Those studies also report an age-related 
decrease in pennation angle (Morse et al., 2005; Narici et al., 2003), which we neither observed at 
rest (p’s≥0.080) nor at peak ankle moment (p’s≥0.205). 
Compared to those in young adults, more uniform Achilles subtendon tissue displacements 
in older adults may reflect a proliferation of collagen cross-linking and interfascicle adhesions. 
Indeed, using equine models of the Achilles tendon, Thorpe et al. (2013) revealed an age-related 
reduction in interfascicular sliding (Thorpe et al., 2013). They also suggest older tendon fascicles 
experience age-related alterations in viscoelastic and quasi-static properties (e.g., stress relaxation, 
stiffness, structural alignment). One plausible explanation for reduced interfascicular sliding in 
older tendon is variation in its underlying structure at the cellular level compared to younger 
tendon. The interfascicular matrix of the Achilles tendon contains a mixture of particular 
proteoglycans and glycoproteins that facilitate sliding and, compared to the collagen fibers 
themselves, is uniquely altered by aging (Thorpe, Riley, Birch, Clegg, & Screen, 2017). However, 




hierarchical level of the Achilles tendon (e.g., subtendon, fascicle, fiber) manifests its influence on 
gross triceps surae muscle-subtendon interaction.  
Age-related changes in the gross mechanical behavior of the Achilles tendon, and more 
specifically in sliding between adjacent subtendons, allude to the potential for functional 
consequences on triceps surae muscle contractile behavior in older adults. We previously posited 
that one such functional consequence could be coupling between individual muscles of the triceps 
surae, thereby compromising their ability to operate as independent actuators.  Indeed, our findings 
may provide a biomechanical basis for the previously reported correlation between age-related 
decreases in Achilles subtendon non-uniformity and reduced peak ankle moment during walking 
(Franz & Thelen, 2015). Specifically, our findings are the first to suggest that a reduction in sliding 
between adjacent subtendons in the Achilles are accompanied by smaller differences in muscle 
shortening between GAS and SOL in older adults. It is unclear from our measurements if there are 
disparate functional effects between the individual triceps surae muscles. Here, aging 
disproportionately affected peak shortening of SOL across the range of motion tested, thereby 
contributing to its contractile behavior more resembling that of GAS in older than in young adults. 
Similarly, it is possible that coupling between the GAS and SOL subtendons, and thus interactions 
between the individual triceps surae muscles, explains the absence of a significant positive 
correlation in older adults between peak GAS muscle shortening and peak GAS subtendon 
displacement. However, the isolated contractions tested here may not be representative of the 
effects that would emerge during functional activity; incorporating age-associated subtendon 
adhesions in musculoskeletal simulations of walking revealed declines in muscle-tendon unit force 
output for GAS but not SOL (Franz & Thelen, 2016). Nevertheless, smaller differences between 




independently contribute to forward propulsion and trunk support – distinct biomechanical tasks 
attributed to these muscles during walking (McGowan et al., 2008). 
 Thus far, our position has been that age-related changes in Achilles subtendon tissue 
displacements negatively affect triceps surae muscle contractile behavior in older adults (i.e., 
‘tendon-up’ theory). However, we cannot exclude the alternative hypothesis; aging may 
independently affect triceps surae muscle contractile behavior and thereby yield more uniform 
Achilles subtendon displacements (i.e., ‘muscle-down’ theory). Aging is widely known to 
deleteriously affect muscle contractile behavior through changes in myofilament protein biology, 
muscle coordination, and loss of viable motor units (Miller et al., 2014). Reduced triceps surae 
muscle force generation in aging, even if homogenous across the triceps surae muscles, could itself 
diminish non-uniform Achilles subtendon tissue displacements. Indeed, peak ankle moment in this 
study positively correlated with tendon non-uniformity across our study cohort. Our mechanistic 
understanding of these causal relations may be further compounded by increased Achilles tendon 
tissue compliance due to aging (Narici, Maffulli, & Maganaris, 2008). Consistent with most human 
studies, our data revealed that older subtendons were significantly more sensitive to changes in 
tendon force than those in young adults. Similarly, peak GAS and peak SOL subtendon 
displacements were unaffected by age, despite lower ankle moments in older than young adults. 
We are currently trying to distinguish between these ‘tendon-up’ and ‘muscle-down’ theories 
through a combination of musculoskeletal modeling, dual-probe ultrasound imaging during 
walking, and electrical stimulation. 
We previously outlined the limitations of the experimental techniques applied in this study 
(Clark & Franz, 2018b), but briefly: first, we interpreted our data using a generalized anatomical 




2015; Gils et al., 1996; Szaro et al., 2009). Two-dimensional ultrasound imaging may not fully 
capture the complex architecture of three-dimensional structures (Chow et al., 2000). Likewise, 
between-subject variability in anthropometrics may influence the precision of ultrasound probe 
placement. However, we note that there was no significant difference in subject height (p=0.312) 
nor leg length (p=0.192) between young and older adults. Second, UltraTrack uses semi-automated 
fascicle tracking that has inherent limitations in reliability and determination (Farris & Lichtwark, 
2016). Third, two-dimensional speckle tracking of the Achilles tendon is subject to out of plane 
motion (Franz et al., 2015). Fourth, we did not attempt to estimate Achilles tendon force 
transmission (Bojsen-Moller & Magnusson, 2015). Finally, we report negligible but present ankle 
rotation that likely influences subtendon tissue displacements (Handsfield et al., 2017). Here, we 
add limitations associated with uncovering aging effects. As previously noted, we cannot 
definitively attribute our observations to aging effects on sliding between adjacent subtendon 
versus those on muscle contractile behavior. Moreover, we only included self-reported healthy 
young and older adults, however, physical activity status most likely impacts the mechanical 
properties of the triceps surae muscle tendon unit (Joseph et al., 2014).   
 
CONCLUSION 
In summary, we reveal that more uniform Achilles subtendon tissue displacements in older 
versus young adults extend to anatomically consistent and potentially unfavorable changes in 
muscle contractile behavior – evidenced by smaller differences between GAS and SOL peak 
shortening during isometric force generation. Foremost, these findings provide an important 
biomechanical basis for previously reported correlations between more uniform Achilles 




Additional mechanistic insight into the causal relations underlying these changes are required 
before advocating for any specific clinical countermeasure. For example, conventional therapies 
prompting changes from the muscle down may be designed to promote independent actuation of 
individual triceps surae muscles. Alternatively, to promote changes from the tendon up, there is 
some support for the use of hyaluronic acid and/or lubricin injection to maintain and restore tendon 







CHAPTER 4: IMAGING AND SIMULATION OF INTER-MUSCULAR DIFFERENCES 




Forward propulsion during the push-off phase of walking is largely governed by 
differential neuromechanical contributions from the biarticular medial (MG) and lateral 
gastrocnemius (LG) and the uniarticular soleus (SOL) spanning the ankle (Gottschall & Kram, 
2003). Indeed, although they share a common Achilles tendon, some evidence suggests these 
muscles can act as relatively independent actuators while producing a net plantarflexion moment 
during late stance (Clark & Franz, 2018a; Handsfield et al., 2017; Szaro et al., 2009). However, 
the relative contribution of these individual muscles to forward propulsion remains equivocal. 
Characterizing these contributions has far reaching implications for the design and control of 
wearable assistive devices and for targeted therapeutics that attempt to overcome deficits in 
forward propulsion - for example, those due to age or gait pathology. 
Historically, contributions from MG, LG, and SOL to forward propulsion in walking have 
been estimated by combining in vivo measurements (e.g., electromyography [EMG] and 
ultrasound imaging) with experimental manipulations. For example, one may consider changing 
 
3 This chapter previously appeared as an article in the Annals of Biomedical Engineering. The original 
citation is as follows: Clark WH, Pimentel RE, and Franz JR. (2020). Imaging and Simulation of Inter-
Muscular Differences in Triceps Surae Contributions to Forward Propulsion During Walking. Annals of 





the mechanical demand for forward propulsion by altering walking speed alone. However, walking 
speed affects both forward propulsion and vertical support, confounding conclusions made 
regarding inter-muscular differences (Francis et al., 2013; Lai et al., 2015). Many studies have 
overcome this challenge by more directly manipulating the mechanical demand for forward 
propulsion at a fixed walking speed. Building off a paradigm introduced by Chang & Kram (Chang 
& Kram, 1999), Gottschall & Kram (2003) measured MG versus SOL differences in muscle 
activation in subjects responding to horizontal aiding and impeding forces applied to the body’s 
center of mass (Gottschall & Kram, 2003). Their findings revealed that MG activation exhibited 
larger changes than the SOL in response to those targeted changes in the demand for forward 
propulsion. Similarly, Miyoshi et al. (2006) recorded triceps surae activation in a reduced gravity 
environment and suggested that MG activation was more dependent on speed-related changes to 
forward propulsion, while SOL activation was more dependent on changes to vertical support 
(Miyoshi et al., 2006). In a third experimental manipulation, Francis et al. (2013) prescribed 
muscle activation during the stance phase at a fixed walking speed using electrical surface 
stimulation of the MG and SOL (Francis et al., 2013). Consistent with the prevailing empirical 
data, their results showed that MG stimulation elicited larger anterior shifts in stance phase center 
of pressure than that elicited by SOL stimulation. However, not all experimental studies yield a 
consistent interpretation; McGowen et al. (2008) manipulated trunk load and weight support and 
determined from EMG measurements that the SOL was the primary contributor to forward 
propulsion (McGowan et al., 2008).  
EMG provides important information regarding the timing and magnitude of triceps surae 
muscle activity. However, EMG alone can yield inconsistent or incorrect interpretations of 




length change (Disselhorst-Klug, Schmitz-Rode, & Rau, 2009; Roberts & Gabaldon, 2008). 
Advances in ultrasound imaging have catalyzed efforts to quantify triceps surae contractile 
behavior during functional activities such as walking, including the characterization of inter-
muscular differences in fascicle length change. Despite considerable improvements in image 
collection and processing, there is wide variation regarding triceps surae contractile behavior in 
terms of absolute length change and type of contraction (i.e., shortening, isometric, lengthening) 
at different phases of the gait cycle (Cronin et al., 2013; Leitner et al., 2019). Moreover, studies 
that have compared MG, LG, and/or SOL fascicle behavior during walking use methodological 
paradigms that manipulate speed (Cronin & Finni, 2013; Farris & Sawicki, 2012b; Lai et al., 2015), 
walking duration (Cronin et al., 2013; Cronin, Peltonen, Sinkjaer, & Avela, 2011), or slope 
(Hoffman, Cresswell, Carroll, & Lichtwark, 2014; Lichtwark & Wilson, 2006). Although these 
studies are appropriately designed to answer their respective research questions, none have directly 
manipulated the mechanical demand for forward propulsion in isolation. Moreover, similar to 
those drawn from patterns of muscle activation, conclusions about inter-muscular differences in 
function drawn from estimates of muscle fascicle length change are incomplete (Dick, Biewener, 
& Wakeling, 2017; Gottschall & Kram, 2003).  
Thus, to reconcile the prevailing literature on this scientifically and translationally 
important question, a combined empirical and computational simulation framework is warranted. 
Advances in musculoskeletal modeling provide the opportunity to complement patterns of muscle 
activation and fascicle length changes with estimated differences between MG, LG, and SOL force 
and positive mechanical work in silico. Of course, although empirically driven, biological 
complexity of musculoskeletal modeling is often exchanged for computational performance, 




Uchida, Seth, Rajagopal, & Delp, 2015). Despite these limitations, several studies have directly or 
indirectly compared the biomechanical function of the MG, LG, and SOL during walking. Some 
modeling studies suggest that the SOL is the primary contributor to forward propulsion. Neptune 
et al. (2001) used a musculoskeletal modeling and optimization framework and concluded that the 
SOL accelerates the trunk, whereas the MG and LG initiate leg swing (Neptune, Kautz, & Zajac, 
2001). Those authors later added (2008) that the SOL contributes more than the MG and LG to 
forward propulsion in order to meet the demands of increased walking speeds (Neptune et al., 
2008). In a different modeling study, Lenhart et al. (2014) concluded that SOL activity induced 
greater anterior pelvic tilt and ankle plantarflexion than that of the MG during the push-off phase 
of walking (Lenhart et al., 2014). Nonetheless, other modeling studies have concluded that the 
gastrocnemius muscles are more responsible for forward propulsion. For example, using an 
induced acceleration analysis, Liu et al. (2006) suggested that the MG induced greater forward 
center of mass acceleration, while the SOL induced greater vertical acceleration (M. Q. Liu, 
Anderson, Pandy, & Delp, 2006). 
Electromyography, ultrasound imaging, and musculoskeletal modeling, when used alone, 
provide a valuable but incomplete representation of the relative contributions of the MG, LG, and 
SOL to forward propulsion during walking. Moreover, no study to date has combined these 
measurements while systematically manipulating both walking speed and the mechanical demand 
for forward propulsion at a fixed speed – namely, through the use of horizontal aiding and 
impeding forces. The aim of this study was to quantify inter-muscular differences in the response 
of the gastrocnemius and soleus muscles to changes in forward propulsion by assessing muscle 
activation, contractile behavior, and model-predicted estimates of force and positive mechanical 




from empirical measurements would be consistent with those derived from musculoskeletal 
simulations over a range of tasks that alter the demand for forward propulsion. 
 
METHODS 
Subjects and Protocol 
 An a priori power analysis revealed that we would need n=6 and n=5 subjects to detect 
(p<0.05) speed effects (Nilsson & Thorstensson, 1989) and horizontal force effects (Gottschall & 
Kram, 2003), respectively, on peak anterior force – a limb-level measure of forward propulsion 
we use in this study to establish task efficacy. We increase our sample size to n=10 to better 
approximate that used in those aforementioned studies. We recruited healthy young adults between 
the ages of 18 and 35. We excluded subjects based on the following criteria: lower extremity injury 
in the last 6 months, medication that causes dizziness, having a leg prosthesis, or needing an 
assistive walking device. Ten young adults (age: 24.1±3.6 years, height: 1.77±0.08 m, mass: 76.7 
± 10.0 kg, 6M/4F) participated. All subjects provided written informed consent in compliance with 
the UNC Biomedical Sciences Institutional Review Board.  
 Figure 10 summarizes our experimental protocol, measurements, and in vivo and in silico 
analyses. Based on a previous study in our lab, young adults have an average overground preferred 
walking speed of 1.3 m/s (Conway, Bissette, & Franz, 2018). Malatesta et al. (2017) revealed that 
the overground preferred walking speed in younger adults averages 0.12 m/s faster than the 
treadmill preferred walking speed (Malatesta, Canepa, & Menendez Fernandez, 2017). As such, 
we chose 1.2 m/s to represent our “normal” treadmill walking speed. Prior to data collection, 
subjects walked on an instrumented treadmill (Bertec Corp., Columbus, Ohio, USA) for 6 minutes 




walking (Hawkins et al., 2009). Subjects then walked for 1 min each at a range of speeds (0.8, 1.2, 
and 1.6 m/s) and again at 1.2 m/s with: (i) a 5% body weight (BW) horizontal aiding force 
(designed to decrease the mechanical demand for forward propulsion) and (ii) a 5% BW horizontal 
impeding force (designed to increase the mechanical demand for forward propulsion). We applied 
horizontal aiding and impeding forces using a custom, feedback-controlled, motor-driven 
horizontal force system described in detail previously (Figure 10) (Conway et al., 2018; Conway 
& Franz, 2019, 2020). Briefly, in real-time, a LabVIEW interface (cRIO-9064, National 
Instruments, Austin, TX, USA) controlled a servo motor (Kollmorgen, Radford, VA, USA) in 
series with a horizontal cable affixed to a waist belt worn by the subject. During trials with 
horizontal forces, subjects received verbal encouragement to maintain upright posture (i.e., to 
avoid excess trunk lean and lumbar bending). All data was collected as part of a larger study that 
incorporated a second ultrasound probe, secured distal to the right soleus muscle-tendon junction. 
We removed the second probe at speeds greater than 1.2 m/s to ensure subject comfort and range 
of motion. As such, trials were block randomized. The first block contained 5 walking conditions 
(speed ≤ 1.2 m/s), 4 reported in this study (0.8 m/s, 1.2 m/s, 5% BW aiding force at 1.2 m/s, and 
5% BW impeding force at 1.2 m/s). The second block contained 4 walking conditions (speed ≥ 1.2 
m/s), 1 reported in this study (1.6 m/s). All trials were 1 min long and were separated by 2 min of 
rest. 
Experimental Measurements and Analysis 
 For all trials, we collected ground reaction forces from the instrumented treadmill at 1000 
Hz. Simultaneously, twelve cameras (Motion Analysis Corporation, Santa Rosa, CA, USA) 
operating at 100 Hz recorded the three-dimensional positions of 34 retroreflective markers. 




posterior superior iliac spines, lateral femoral condyles, lateral malleoli, 1st and 5th metatarsal 
heads, and calcanei. We also secured right and left leg thigh and shank clusters to improve segment 
tracking. We filtered ground reaction force and marker data using a 4th order low-pass Butterworth 
filter with cutoff frequencies of 100 Hz and 6 Hz, respectively (Winter, 1990). For 
electromyographic (EMG) measurements, prior to sensor placement, we prepped the skin by 
shaving and using an alcohol wipe. We then placed differential wireless recording electrodes 
(Trigno, Delsys Inc., Natick, MA, USA) with 10 mm inter-electrode distance over the right leg 
soleus (SOL) and lateral gastrocnemius (LG) using published recommendations (Hermens, 
Freriks, Disselhorst-Klug, & Rau, 2000). Specifically, we placed the SOL recording electrode 
approximately two-thirds distal to the lateral femoral condyles along a line projecting to the lateral 
malleolus. We placed the LG recording electrode approximately one-third distal to the head of the 
fibula along a line projecting to the calcaneus. Post collection, we demeaned, full-wave rectified, 
bandpass filtered (4th order Butterworth, 20-450 Hz), and normalized each EMG signal to its mean 
value during the 1.2 m/s condition (Figure 10B). We then averaged GRF and EMG measurements 
over 10 strides, with the first stride corresponding to the first heel strike captured by ultrasound 
data, detailed below.  
 For individual muscle fascicle measurements, a 60 mm ultrasound transducer 
(LV7.5/60/128Z-2, UAB Telemed, Vilnius, Lithuania) recorded cine B-mode images through the 
right medial gastrocnemius (MG) and SOL at 76 frames per second using an image depth of 50 
mm (Figure 10C). A 1000 Hz binary analog synchronization signal indicated the start and stop of 
each ultrasound video using a wave form generator (SDG1025, SIGLENT, Shenzhen). We co-
registered ultrasound signals with ground reaction forces and determined the frames corresponding 




processed all ultrasound data to minimize inter-investigator variability. Ultrasound data was 
collected after the subject reached their prescribed walking speed and their movement pattern had 
stabilized.  At the first co-registered heel strike, we defined a static region of interest surrounding 
the MG and SOL muscle bellies and aponeuroses. We then defined one MG and one SOL muscle 
fascicle for each muscle. An affine extension to an optic flow algorithm (UltraTrack) quantified 
time series of MG and SOL fascicle lengths from 2 strides per condition (Farris & Lichtwark, 
2016). We visually confirmed tracking results and manually corrected fascicle endpoints when 
necessary. Fascicle length change measurements were normalized by their length at heel strike. 
We filtered the manually corrected tracking results using a 4th order low-pass Butterworth filter 
with a cutoff frequency of 6 Hz and then averaged the results over 2 strides.  
Musculoskeletal Modeling and Simulation 
 For each subject, we scaled a three-dimensional, 23-degree-of-freedom musculoskeletal 
model with 92 Hill-type musculotendon units (Gait 2392, OpenSim 4.0) (Delp et al., 2007) to a 
standing calibration trial (Figure 10D). For all subsequent processing, and consistent with 
published approaches, (Rajagopal et al., 2016) we locked the subtalar and metatarsophalangeal 
joints and assessed model-predicted outcomes from the first stride analyzed for ultrasound and 
EMG outcomes. For those, we also locked the lumbar joints to overcome our lack of trunk 
kinematic data. As recommended by Arnold et al. (2013), we set tendon strain at maximum 
isometric force (i.e., “FmaxTendonStrain”) for each muscle to 4%, except the MG, LG, and SOL, 
which we set to 10% to account for Achilles tendon compliance (Arnold, Hamner, Seth, Millard, 
& Delp, 2013; Farris & Sawicki, 2012a). Likewise, we increased the maximum isometric force of 
all muscles to 2.0 times default (Arnold et al., 2013). The Inverse Kinematics (IK) Tool determined 




al., 2007; Hicks et al., 2015). Driven by IK results and measured ground reaction forces, the 
Residual Reduction Algorithm (RRA) Tool updated segment masses, marker trajectories, and 
center of mass (CoM) location to minimize required compensatory forces. We continued reducing 
residuals (average uses of RRA per trial: 2.08±0.27) until recommended thresholds were satisfied 
in all cases (total mass adjustment < 0.5 kg, ∆CoM < 2.0 cm, RMS residual force < 5 N, RMS 
Residual Moment < 30 Nm) (Delp et al., 2007; Hicks et al., 2015). Using RRA-adjusted kinematics 
and segmental mass properties, the Static Optimization Tool resolved net joint moments into 
individual muscle forces by minimizing the sum of cubed muscle activations (Monaco, Coscia, & 
Micera, 2011; Zargham, Afschrift, De Schutter, Jonkers, & De Groote, 2019). Finally, the Analysis 
Tool estimated MG, LG, and SOL positive mechanical work (i.e., positive area under the 
respective force-velocity curves) and, to provide context for muscle fascicle length measurements, 
muscle-tendon unit (MTU) lengths. Similar to fascicle length measurements, MTU length change 
results were normalized by their length at heel strike. 
Statistical Analysis  
 For each muscle, we defined the “push-off” phase of the gait cycle from midstance to the 
offset of respective model-predicted muscle force generation (threshold = 10% peak force) 
(Gottschall & Kram, 2003). For experimental outcomes, two repeated-measures ANOVAs tested 
for significant main effects of speed (0.8, 1.2, 1.6 m/s) or horizontal forces (5% BW aiding force, 
1.2 m/s, 5% BW impeding force) on MG and SOL average fascicle length and peak fascicle 
shortening and, during the push-off phase of walking, average LG and SOL activation. Similarly, 
for model-predicted outcomes, two repeated-measures ANOVAs tested for significant main effects 
of speed and horizontal forces on peak MG, LG and SOL MTU shortening and, during the push-




sphericity evaluated the homogeneity of variance; when the assumption was violated, Greenhouse-
Geisser adjustments were applied. When significant main effects were identified, post-hoc Tukey’s 
t-tests identified significant differences versus “normal” walking (i.e., 1.2 m/s). All statistical tests 
used an alpha level of 0.05. Effect sizes are reported as 𝜂𝜂𝑝𝑝2 and Cohen’s d for main effects and 




 Throughout our results narrative, we report pairwise comparisons that support the presence 
of inter-muscular differences in response to task demand. Where indicated, main effects were 
driven by increases in said outcome with faster walking speeds, with pairwise comparisons 
disclosed in their respective figures. Our experimental manipulations successfully altered the 
mechanical demand for forward propulsion; peak anterior ground reaction force systematically 
changed in response to changes in speed (main effect, p<0.001, 𝜂𝜂𝑝𝑝2=0.902) and applied horizontal 
forces (main effect, p<0.001, 𝜂𝜂𝑝𝑝2=0.824). LG and SOL muscle activations during push-off were 
significantly affected by speed (main effect, p-values<0.001, 𝜂𝜂𝑝𝑝2≥0.732, Figure 11A) and 
horizontal forces (main effect, p-values<0.001, 𝜂𝜂𝑝𝑝2≥0.772, Figure 11B). However, pairwise 
comparisons revealed that only LG activation was affected by both aiding (decreased) and 
impeding (increased) forces (p-values≤0.001, d≥1.171). Similarly, MG and SOL peak fascicle 
shortening and average lengths were significantly affected by speed (main effect, p-values≤0.003, 
𝜂𝜂𝑝𝑝2≥0.473, Figure 12A) and horizontal forces (main effect, p-values≤0.004, 𝜂𝜂𝑝𝑝2≥0.461, Figure 12B). 




forces) elicited greater peak shortening in MG (p=0.006, d=0.874) but not SOL (p=0.15, d=0.714). 
Moreover, this effect on MG was not explained by changes in joint posture. Indeed, only SOL 
peak MTU shortening was significantly affected by horizontal forces (main effect, p-
values=0.004, 𝜂𝜂𝑝𝑝2=0.458); MG peak MTU shortening was unaffected (main effect, p-
values=0.637, 𝜂𝜂𝑝𝑝2=0.049). Compared to walking normally, both aiding and impeding forces 
resulted in significant differences in average fascicle length for MG (p-values≤0.021, d≥0.362, 
Figure 13B) but not SOL (p-values≥0.078, d≤0.33). Neither MG nor SOL average MTU length 
was affected by horizontal forces (main effect, p-values≥0.139, 𝜂𝜂𝑝𝑝2≤0.197). 
Musculoskeletal Modeling Outcomes 
Model-predicted MG, LG, and SOL muscle forces averaged during push-off were similarly 
affected by walking speed (main effect, p-values≤0.042, 𝜂𝜂𝑝𝑝2≥0.297, Figure 14A). Conversely, only 
average MG and LG muscle forces were significantly affected by horizontal forces (main effect, 
p-values<0.001, 𝜂𝜂𝑝𝑝2≥0.575, Figure 14B). Specifically, compared to walking normally, average MG 
and LG muscles forces decreased in response to aiding forces (p-values≤0.005, d≥1.085). Changes 
in walking speed did not affect model-predicted MG, LG, and SOL positive mechanical work 
(main effect, p-values≥0.331, 𝜂𝜂𝑝𝑝2≤0.116, Figure 15A). However, only MG and LG positive 
mechanical work were significantly affected by horizontal forces (main effect, p-values<0.001, 
𝜂𝜂𝑝𝑝2≥0.662, Figure 15B); SOL positive mechanical work was unaffected (main effect, p=0.236, 
𝜂𝜂𝑝𝑝2=0.148). Specifically, compared to walking normally, MG and LG positive mechanical work 
decreased in response to aiding forces (p-values≤0.045, d≥0.357) and increased in response to 
impeding forces (p-values≤0.014, d≥0.287). Finally, model-predicted estimates of MG, LG, and 




effect, p-values≤0.001, 𝜂𝜂𝑝𝑝2≥0.828, Figure 16A) and horizontal forces (main effect, p-values≤0.008, 
𝜂𝜂𝑝𝑝2≥0.413 Figure 16B). However, compared to walking normally, only MG and LG activation 























Figure 10: Summary of our experimental protocol, measurements, and in vivo and in silico 
analyses. A) Subjects walked for 1 minute on an instrumented treadmill at a range of speeds (0.8, 
1.2, and 1.6 m/s) and again at 1.2 m/s with a 5% body weight (BW) horizontal aiding force and a 
5% BW horizontal impeding force. B) We recorded EMG activity of the lateral gastrocnemius 
(LG) and soleus (SOL) and determined the average activation during the push-off phase of 
walking. C) We collected ultrasound data of the medial gastrocnemius (MG) and SOL and 
quantified time series of fascicle lengths from 2 strides per condition. D) Subject-specific, scaled 
musculoskeletal models, driven by marker coordinates and ground reaction forces (GRFs), 









Figure 11: A) Lateral gastrocnemius (LG-green) and soleus (SOL-red) average muscle activation 
during push-off were similarly affected by changes in speed. B) In response to horizontal forces 
only LG activation was affected by both aiding and impeding forces. Shaded rectangular area 
represents the push-off phase of walking. Shaded (LG-green, SOL-red) represents standard error 
during normal walking (1.2 m/s). Boxplots show average muscle activation during push-off. 










Figure 12: Time series of medial gastrocnemius (MG-blue) and soleus (SOL-red) fascicle 
shortening during changes in speed (A) and horizontal forces (B). Fascicle length change 
measurements were normalized by their length at heel strike. Shaded area represents standard error 
during normal walking (1.2 m/s). Boxplots show peak fascicle shortening. Significant (p<0.05) 













Figure 13: Time series of medial gastrocnemius (MG-blue) and soleus (SOL-red) fascicle length 
during changes in speed (A) and horizontal forces (B). Shaded area represents standard error 
during normal walking (1.2 m/s). Boxplots show average fascicle length over the entire gait cycle. 














Figure 14: A) Model-predicted LG (green), MG (blue), and SOL (red) muscle forces averaged 
during push-off were similarly affected by walking speed. B) Conversely, only average LG and 
MG muscle forces were significantly affected by horizontal forces. Shaded grey rectangular area 
represents the push-off phase of walking. Shaded (LG-green, MG-blue, SOL-red) represents 
standard error during normal walking (1.2 m/s). Boxplots show average muscle force during push-














Figure 15: A) Model-predicted LG (green), MG (blue), and SOL (red) positive work during push-
off were unaffected by changes in walking speed. B) Conversely, only LG and MG positive work 
were significantly affected by horizontal forces. Boxplots show positive work performed during 













Figure 16: A) Model-predicted LG (green), MG (blue), and SOL muscle forces averaged during 
push-off were similarly affected by walking speed. B) Compared to walking normally, only LG 
and MG activation significantly decreased in response to aiding forces (-19% and -19.3%, 
respectively). Shaded grey rectangular area represents the push-off phase of walking. Shaded (LG-
green, MG-blue, SOL-red) represents standard error during normal walking (1.2 m/s). Shaded 
purple area represents the standard deviation of all associated experimental trials for the LG and 
SOL, normalized to peak model-predicted activation during normal walking. Boxplots show 
average muscle activation during push-off. Significant (p<0.05) pairwise comparisons vs. normal 








 The overarching goal of this study was to quantify inter-muscular differences between the 
medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) in response to changes 
in forward propulsion during walking. Although many studies have added significant value to this 
ongoing scientific discussion, the wide array of in vivo measurements, in silico estimates, and 
experimental manipulations have led to considerable differences in inter-muscular conclusions. 
Here, toward a more complete understanding of triceps surae behavior, we combined 
electromyography, ultrasound imaging, and musculoskeletal modeling during conditions that 
systematically manipulated either walking speed or the mechanical demand for forward propulsion 
at a fixed speed. We interpreted our results in the context that the muscle that was more sensitive 
to altered demands for forward propulsion would therefore contribute more. In support of our null 
hypothesis, we found that muscle-specific responses derived from experimental measurements 
(i.e., activation and fascicle behavior) were consistent with those derived from musculoskeletal 
simulations (i.e., muscle force and positive mechanical work) within the same subjects. As we 
discuss in more detail below, our cumulative findings suggest that the biarticular gastrocnemius 
muscles play a more significant role than the uniarticular soleus in governing changes in forward 
propulsion during the mid to late stance phase of walking. Reconciling these inter-muscular 
differences, and the relatively disparate literature on this topic to date, is critical for the design and 
control of wearable assistive devices and for targeted therapeutics that attempt to mitigate deficits 
in forward propulsion. 
 Our in vivo and in silico results are within the range of values shown in prior literature. 
First, the amplitude and timing of our measured LG and SOL muscle activations agree well with 




of horizontal forces (Gottschall & Kram, 2003). Moreover, our model-predicted estimates of LG 
and SOL activation generally well-replicated our in vivo measurements, with one notable 
difference. Specifically, similar to other studies, (M. Q. Liu et al., 2006) model-predicted 
activations were delayed compared to their respective in vivo measurement; however, both model-
predicted and in vivo activations exhibited characteristic bursts within our analyzed region of 
interest (i.e., push-off). This comparison is shown for each main effect (i.e., speed [Figure 16A] 
and horizontal forces [Figure 16B]), with the purple shaded region representing the standard 
deviation of all associated experimental trials for the LG and SOL, normalized by peak model-
predicted activation during normal walking. Second, our ultrasound measurements for the MG and 
SOL were generally consistent with the majority of previous studies in terms of length at heel-
strike, average length, and absolute length change (Cronin et al., 2013; Farris & Sawicki, 2012a; 
Lai et al., 2015; Panizzolo et al., 2013). Similar those studies, in all conditions except those with 
aiding forces, both muscles maintained nearly isometric behavior during early to mid-stance before 
undergoing characteristic shortening that peaked just after toe-off. During the aiding force 
condition, both muscles shortened during early stance, likely due to exaggerated dorsiflexion from 
heel-strike to foot flat. Although not completely analogous in terms experimental manipulations, 
this behavior is comparable to that shown for the MG during downhill walking (Lichtwark & 
Wilson, 2006). Finally, our model-predicted estimates of muscle force and positive work generally 
agree with prior studies (Anderson & Pandy, 2003; Blazkiewicz, Wiszomirska, Kaczmarczyk, 
Naemi, & Wit, 2017; Neptune & Sasaki, 2005; Neptune et al., 2008). 
 Compared to walking at 1.2 m/s, MG, LG, and SOL experimental and model-predicted 
results were almost uniformly affected by changes in walking speed. During push-off, each 




been widely reported since it was first proposed in the seminal works by Hill (1953) and Winter 
(1983), who suggested the triceps surae contributes to forward propulsion (Hill, 1953; Winter, 
1983). Here, in agreement with Hill and Winters, LG and SOL  average force produced during 
push-off significantly increased (+13.4% and +21.1%, respectively) from slow walking (i.e., 0.8 
m/s) to normal walking, but not from normal walking to fast walking (i.e., 1.6 m/s). Riley et al. 
(2001) found nearly identical results when measuring propulsive adaptations to changes in walking 
speed (Riley, Della Croce, & Kerrigan, 2001). Their findings suggest that the contribution from 
muscles spanning the ankle to forward propulsion was more sensitive to changes at slower walking 
speeds due to an increased utilization of hip flexors and extensors at higher speeds. Increased use 
of hip flexors and extensors could also explain why our model-predictions for positive work 
performed by the MG, LG, and SOL during push-off was invariant between walking speeds. 
Conversely, Neptune et al. (2009) found both the MG and SOL increase fiber positive work in 
response to increasing walking speeds (Neptune et al., 2008). However, their work estimates were 
not isolated to the mid to late stance phase of walking and only incorporated sagittal plane motion. 
Although our findings for activation, force, and work were similar for each muscle tested across 
changes in walking speed, inter-muscular differences existed at the fascicle level. Compared to 
walking normally, in our study only MG peak fascicle shortening decreased with slower speed (-
13.5%). This behavior is very similar to the findings of Farris & Sawicki (2012), who found a 
reduction in MG peak shortening at walking speeds slower than normal, but consistent peak 
shortening at speeds faster than normal (Farris & Sawicki, 2012a). Their results suggest that 
average positive power produced by the biarticular MG MTU increases with walking speed until 
reaching self-selected speeds (~1.2 m/s). On the other hand, the uniarticular SOL may have 




that spans both slow and fast walking (Orendurff et al., 2004). Indeed, some studies have suggested 
the SOL is primarily responsible for vertical support and secondarily responsible for forward 
propulsion (M. Q. Liu et al., 2006; Miyoshi et al., 2006). 
Unfortunately, changes in walking speed influence the demand for both forward propulsion 
and vertical support, thereby likely confounding our interpretations of inter-muscular differences 
in activation, fascicle behavior, force, and mechanical work (Francis et al., 2013; Lai et al., 2015). 
Thus, results derived from conditions using horizontal forces provide more clear estimates of inter-
muscular contributions to forward propulsion alone. In agreement with our findings for activation, 
although they measured a different head of the gastrocnemius, Gottschall & Kram (2003) also 
found that while both gastrocnemius and soleus activation during push-off increased significantly 
in response to impeding forces, only gastrocnemius activation decreased significantly in response 
to aiding forces (-30.4%) (Gottschall & Kram, 2003). As noted by those authors, these findings 
suggest that the gastrocnemius muscles play a more important role in modulating forward 
propulsion, but the SOL may act synergistically when the demand for forward propulsion is great. 
Similar to our findings for activation, MG peak fascicle shortening and average fascicle length 
were much more sensitive to altered demands for forward propulsion than those for the SOL. 
Despite the architectural differences between these muscles (i.e., uniarticular SOL vs. biarticular 
MG), we saw no evidence that changes in MTU length could explain muscle-level differences in 
the response to our experimental manipulations. Compared to walking normally, greater MG 
fascicle shortening during the impeding force condition (+17.4%) could be elicited by greater 
muscle activation in order to meet the demand for greater force transmission. Indeed, compared to 




(PCSA), which produces more force than Type I fibers, more commonly represented in the SOL 
(Gollnick, Sjodin, Karlsson, Jansson, & Saltin, 1974). 
 MG muscle activation and fascicle shortening were both more sensitive to the application 
of horizontal forces than those for SOL, consistency that we interpret in support of the 
gastrocnemius’ role in governing changes in forward propulsion. However, some studies would 
suggest that the preservation of muscle contractile behavior in the presence of horizontal forces 
would be more indicative of that muscle’s functional role during walking. Indeed, greater fascicle 
shortening could lead to a force deficit due to a leftward shift on the length-tension curve and faster 
shortening velocities (Fukunaga et al., 2001). Cronin et al. (2013) found that SOL fascicle 
behavior, not MG fascicle behavior, was preserved over the course of a 60 min prolong walk 
(Cronin et al., 2013). They argued that the preservation of SOL behavior is due to an energetically 
favorable recruitment of shorter fascicles with slower shortening velocities and greater relative 
Type I fiber PCSA. In our study, compared to walking normally, greater MG fascicle shortening 
during the impeding force condition, driven more by greater activation than by effects on joint 
posture, may be energetically unfavorable but necessary to meet the demand for greater push-off. 
The average fascicle length of the MG increased with aiding forces (+2.5%) and decreased with 
impeding forces (-3.5%), with potential consequences for the economy of force generation (i.e., 
force per unit activation). On the other hand, the average operating length of the SOL remained 
unchanged across horizontal force conditions. In agreement, Rubenson et al. (2012) reported that 
SOL operating length is mostly gait-independent and consistently operates on the ascending limb 





 Despite some disagreement in the interpretation of fascicle behavior, increased MG 
fascicle shortening and muscle activation were accompanied by greater MG force and positive 
work during mid to late stance - complimentary in silico evidence that the gastrocnemius muscles 
are more responsible for forward propulsion than the SOL. Due to its larger size and thus force-
generating capacity, (Sutherland, Cooper, & Daniel, 1980) the SOL accounted for the greatest 
percentage of average force and positive work among the triceps surae muscles. However, 
compared to walking normally, SOL kinetics were invariable in response to horizontal forces. 
Indeed, only MG and LG average force and positive work were significantly affected by the 
application of horizontal forces. Specifically, MG and LG force (-15.5% and -15.6%, respectively) 
and positive work (-21.9% and -21.3%, respectively) decreased in response to aiding forces. 
Additionally, MG and LG positive work increased (+19.5% and +19.9%, respectively) in response 
to impeding forces. One interpretation of these findings is that the SOL provides a large, but 
invariant contribution to forward propulsion while the gastrocnemius muscles provide a smaller, 
but task-dependent contribution that increases to meet the demand for forward propulsion. 
Similarly, though in response to changes in walking speed, Liu et al. (2008) suggested the SOL 
provides a task-dependent contribution to vertical support, while the gastrocnemius muscles’ 
contribution to vertical support was invariant (M. Q. Liu, Anderson, Schwartz, & Delp, 2008). 
 There is considerable evidence that forces produced and work performed by the MG, LG, 
and SOL contribute significantly to forward propulsion. This is translationally important, as those 
forces and that work is reduced by aging and gait pathology (DeVita & Hortobagyi, 2000; 
Fukashiro et al., 2006; Goldberg & Stanhope, 2013). Accordingly, many training programs have 
been designed to overcome reductions in triceps surae muscle strength or power capacity, albeit 




rehabilitation techniques that preferentially strengthen the gastrocnemius muscles, perhaps 
through targeted biofeedback, may result in more beneficial neuromechanical strategies during 
push-off that could translate into improvements in gait performance. As an additional translational 
implication, many studies have disproportionately targeted uniarticular SOL function through the 
design and prescription of ankle exoskeletons (Farris, Robertson, & Sawicki, 2013; Nuckols, Dick, 
Beck, & Sawicki, 2020; Zhang et al., 2017). On the other hand, at least one study has shown that 
exoskeleton configurations that mimic the biarticular gastrocnemius muscles yield greater 
reductions in metabolic cost during walking than those that mimic the uniarticular soleus 
(Malcolm, Galle, Derave, & De Clercq, 2018). 
 There are several limitations and assumptions in this study. First, the three-dimensional 
architecture of the MG, LG, and SOL is complex and contains multiple regions that may vary in 
activation, fascicle length, and force development. For example, we only imaged the posteromedial 
aspect of the SOL, which may differ substantially from other compartments (Chow et al., 2000). 
Second, we cannot be certain that the same representative fascicle was selected for all conditions 
for each participant. To mitigate variation in fascicle selection, for each subject, we overlaid the 
fascicle identified at initial contact for the 1.2 m/s condition and updated the endpoints to the 
correct positions before continuing the tracking procedure. Third, using automated tracking 
routines, several studies report standard errors between 5% and 10% of absolute length (Aeles et 
al., 2017; Gillett, Barrett, & Lichtwark, 2013; Kwah, Pinto, Diong, & Herbert, 2013). More 
recently, using UltraTrack, Drazan et al. (2019) revealed MG fascicle length root mean square 
error values were near 7% when the ankle is rotating at 30 °/s and surpassed 10% when the ankle 
is rotating ≥ 120 °/s (Drazan, Hullfish, & Baxter, 2019). To mitigate these errors and improve our 




faster shortening velocities and we performed frame-by-frame manual corrections of the 
automated tracking results. Fourth, our study used three fixed walking speeds which themselves 
were not prescribed as a function of each subject’s preferred walking speed. However, this is a 
common methodological approach in the biomechanics literature and is unlikely to influence of 
overarching conclusions. Fifth, the horizontal forces were applied to the subject’s waist, and thus 
subjects necessarily recruited proximal muscle groups (e.g., muscles spanning the hip) in addition 
to the triceps surae (Conway et al., 2018). Sixth, although we consistently encouraged subjects to 
maintain upright posture, we did not measure trunk kinematics and therefore locked lumbar 
coordinates in our musculoskeletal simulations. Finally, despite using the Residual Reduction 
Algorithm tool, lower limb reserve torque actuators were needed to account for ignored passive 
structures and insufficient muscle force generating capacity, but were controlled to recommended 
thresholds (Hicks et al., 2015). 
 
CONCLUSION 
By combining electromyography, ultrasound imaging, and musculoskeletal modeling in 
the same subjects, this study provides the most complete report to date of the relative contributions 
of the gastrocnemius and soleus muscles to forward propulsion during walking. Based on 
consistent evidence from empirical measurements and musculoskeletal simulations, we conclude 
that the biarticular gastrocnemius muscles play a more significant role than the uniarticular soleus 
in governing changes in forward propulsion during the push-off phase of walking. Our results may 
have important implications for the prescription of targeted therapeutics and for the design and 









CHAPTER 5: AGE-RELATED CHANGES TO TRICEPS SURAE MUSCLE-
SUBTENDON INTERACTION DYNAMICS DURING WALKING 
 
INTRODUCTION 
 Mechanical output at the ankle during push-off is an important determinant of walking 
performance and is significantly reduced with advancing age (Hardy et al., 2007; Purser et al., 
2005). More specifically, net ankle joint moment and mechanical power (i.e., push-off intensity) 
is largely governed by the forces generated by the lateral and medial gastrocnemius (GAS) and 
soleus (SOL) muscles that make up the triceps surae (Fukashiro et al., 2006; Orselli et al., 2017; 
Zajac, 1989). Despite collectively transferring their force through a common distal tendon, the 
triceps surae muscles undergo different fascicle shortening behaviors during walking and, 
biomechanically, contribute differently to forward propulsion and vertical support (Clark, 
Pimentel, & Franz, 2020; Francis et al., 2013; Gottschall & Kram, 2003; M. Q. Liu et al., 2006; 
Miyoshi et al., 2006). These muscle-level differences may be facilitated by the architectural 
complexity of the Achilles tendon, which itself is comprised of three distinct bundles of tendon 
fascicles, known as subtendons, that originate from GAS and SOL muscles (Cummins, Anson, & 
et al., 1946; Del Buono et al., 2013; Doral et al., 2010; Edama et al., 2015; Pekala et al., 2017; 
Szaro et al., 2009). Comparative work and our own in vivo evidence suggest that sliding between 
adjacent subtendons has the potential to allow differences in GAS vs. SOL contractile behavior 
(Clark & Franz, 2018b; Gains et al., 2020; Thorpe et al., 2013). Unfortunately, animal models of 




in sliding between subtendons (Thorpe et al., 2012, 2013). In agreement with those finds, we have 
observed more uniform Achilles tendon tissue displacement patterns in older adults that have the 
potential to disrupt the potential for muscle contractile independence (Clark & Franz, 2020). These 
results, at least at the tendon level, appear to be clinically meaningful; during walking, more 
uniform subtendon displacements within the human Achilles tendon correlate with reduced push-
off intensity in older adults (Franz & Thelen, 2015). These observations allude to a fundamental 
change in the interaction between triceps surae muscles and the Achilles tendon as a determinant 
for reduced mechanical output – a finding that currently lacks direct empirical data during walking 
and has far reaching implications for the design and control of wearable assistive devices that 
attempt to overcome age-related deficits of forward propulsion.  
 The presence of subtendon sliding is mediated by the interfascicular matrix of the Achilles 
tendon and has been commonly observed in rat and equine tendons (e.g., (Gains et al., 2020; 
Thorpe et al., 2013)). In young adult humans, evidence for sliding is generally attributed to 
observations of differential tissue displacements at different depths of the Achilles tendon (i.e., 
significant differences in tissue displacements attributed to the gastrocnemius and soleus 
subtendons) and has been shown during passive ankle rotation (Arndt et al., 2012), eccentric 
loading (Slane & Thelen, 2014, 2015), and walking (Franz et al., 2015). Studies in humans using 
advanced musculoskeletal modeling (Handsfield et al., 2017) and studies in rats using electrical 
stimulation (Finni et al., 2018; Maas et al., 2020) suggest non-uniform tissue displacements are 
likely a result of differential force transmission from the triceps surae muscles. Recently, to 
empirically characterize the origins of non-uniform tissue displacement patterns in the human 
Achilles tendon, we introduced a dual-probe ultrasound imaging approach that enables 




their associated regions of the Achilles tendon (Clark & Franz, 2018a). Using this approach during 
fixed-end contractions, we found that differences between GAS and SOL muscle shortening gave 
rise to anatomically consistent differences in subtendon tissue displacements (Clark & Franz, 
2018a). As a logical extension of our dual-probe imaging work in younger adults, we more recently 
observed that more uniform Achilles tendon tissue displacements in older adults during fixed-end 
contractions were accompanied by smaller differences between peak GAS and SOL muscle 
shortening (Clark & Franz, 2020).  
 If triceps surae muscle dynamics can precipitate anatomically consistent patterns of 
localized tissue displacements within the architecturally complex Achilles tendon, would an age-
related reduction in the capacity for sliding between adjacent subtendons negatively influence 
muscle contractile behavior during walking? Although the answer is  unclear, any change therein 
would likely influence the triceps surae muscles’ relative contribution to forward propulsion – an 
outcome that is consistently reduced in older adults (Franz & Kram, 2013). In young adults, the 
majority of empirical studies suggest the GAS muscles are primarily responsible for governing 
changes in forward propulsion while the SOL is primarily responsible for governing changes in 
vertical support (e.g., (Clark et al., 2020; Francis et al., 2013; Gottschall & Kram, 2003; M. Q. Liu 
et al., 2006; Miyoshi et al., 2006), though see (McGowan et al., 2008; Neptune et al., 2001; 
Neptune et al., 2008) for alternative theories). However, experimental manipulations of walking 
speed affect both walking subtasks, thus confounding our interpretations in the specific context of 
forward propulsion (Francis et al., 2013; Lai et al., 2015). Fortunately, the application of horizontal 
aiding and impeding forces at fixed speeds has provided a more direct means in the literature to 
manipulate the mechanical demand for forward propulsion (Chang & Kram, 1999; Gottschall & 




walking normally, increased mechanical demand for forward propulsion elicits larger peak GAS 
fascicle shortening than that of the SOL (Clark et al., 2020). Therefore, it is likely that disruption 
of GAS fascicle behavior via a reduction in the capacity for sliding between adjacent subtendons 
could deleteriously impact contributions to forward propulsion.  
 The purpose of this study was to investigate differences in GAS vs. SOL muscle length-
change behavior as a determinant of previously observed correlations between more uniform 
Achilles tendon tissue displacements and reduced ankle joint mechanical output in older adults. 
To accomplish this, we used dual-probe dynamic ultrasound imaging during conditions that 
systematically altered the mechanical demand for forward propulsion via changes in speed and the 
application of horizontal aiding and impeding forces. First, we hypothesized that, compared to 
young adults, older adults would have (i) more uniform Achilles tendon tissue displacements 
during the stance phase of walking that (ii) would be accompanied by smaller differences between 
GAS and SOL muscle length change behavior. Second, we hypothesized that the magnitude of 
differences between GAS and SOL muscle length change behavior would correlate with net ankle 
joint moment, power, and work performed during push-off. Finally, based on previous studies that 
suggest GAS muscles are more responsible than the SOL in governing changes in forward 
propulsion, we tested the secondary hypotheses that increases in the demand for forward 
propulsion would elicit larger differences in muscle- and tendon-level behavior in young, but not 
older adults. We would interpret our secondary hypothesis in the context of the overarching 
premise that a larger capacity for sliding between adjacent Achilles subtendons facilitates 
independent GAS vs. SOL muscle actuation and thus biomechanical function during walking – a 






Subjects and Protocol 
 We recruited healthy young adults between 18 and 35 years of age and healthy older adults 
between 65 and 80 years of age. We screened and excluded subjects who reported a lower 
extremity injury in the last 6 months, used a leg prosthesis, needed an assistive walking device, or 
were taking medication that causes dizziness. We report data for 9 young (24±4 yrs, 74.3±9.9 kg, 
1.8±0.1 m, 5M/4F) and 9 older (74±4 yrs, 66.8±5.9 kg, 1.7±0.1 m, 6M/3F) adults. All subjects 
provided written informed consent in compliance with the University of North Carolina 
Biomedical Sciences Institutional Review Board. 
 Before data collection, we determined each subject’s preferred walking speed as the 
average of three times taken to walk the middle 2 m of a 10 m walkway. Subjects then walked on 
an instrumented treadmill (Bertec Corp., Columbus, Ohio, USA) for 6 minutes at their preferred 
walking speed (above 1.0 m/s) to precondition their triceps surae and Achilles tendon units and 
acclimate to treadmill walking (Hawkins et al., 2009). Subjects then walked for 1 min each at a 
range of speeds (0.8, 1.0, and 1.2 m/s) and again at 1.2 m/s (“Normal”) with: (i) a 5% body weight 
horizontal aiding force and (ii) a 5% body weight horizontal impeding force, as shown in Figure 
17. A feedback-controlled, motor-driven horizontal force system applied horizontal aiding and 
impeding forces, as described previously (Conway et al., 2018; Conway & Franz, 2019, 2020). 
Briefly, in real-time, a custom LabVIEW interface (cRIO-9064, National Instruments, Austin, TX, 
USA) controlled a servo motor (Kollmorgen, Radford, VA, USA) in series with a horizontal cable 
attached to a waist belt worn by the subject. During trials with horizontal impeding or aiding forces, 
we consistently encouraged subjects to maintain upright posture (i.e., avoid excess trunk leaning). 




Subjects were barefoot throughout all walking trials to facilitate proper placement of ultrasound 
transducers. We collected all ensuing data after each subject reached their targeted walking speed 
and their movement pattern stabilized. 
Experimental Measurements and Analysis 
 For all trials, twelve cameras (Motion Analysis Corporation, Santa Rose, CA, USA) 
recorded the 3-D positions of retroreflective markers attached to each subject’s sacrum and 
bilateral anterior and posterior superior iliac spines, lateral femoral condyles, lateral malleoli, 1st 
and 5th metatarsal heads, and calcanei. To improve segment tracking, we secured right and left leg 
thigh and shank marker clusters. We filtered marker position and ground reaction force (GRF) data 
using a 4th order low-pass Butterworth filter with cutoff frequencies of 6 Hz and 100 Hz, 
respectively. We scaled a 7-segment, 18 degree of freedom model of each subject’s pelvis and 
lower limbs using marker position data from a standing trial (Arnold, Ward, Lieber, & Delp, 
2010)and then updated the model to include functional hip joint centers (Piazza, Okita, & 
Cavanagh, 2001). A global optimization technique calculated ankle joint moment, power, and 
positive ankle push-off work for each stride corresponding to ultrasound data as detailed in the 
following section (Silder et al., 2008).   
Ultrasound Measurements 
 A 7 MHz, 60 mm ultrasound transducer (LV7.5/60/128Z-2, UAB Telemed, Vilnius, 
Lithuania) placed over the mid-belly of the right leg medial gastrocnemius (GAS) recorded cine 
B-mode images at 76 frames per second using an image depth of 50 mm. This transducer 
placement and depth enabled synchronized assessment of GAS and soleus (SOL) fascicle behavior 
in the same imaging plane. We secured the ultrasound probe using a custom 3-D printed probe 




Coban (3M, St. Paul, MN, USA). Simultaneously, a 10 MHz, 38 mm ultrasound transducer (L14-
5W/38, Ultrasonix Corp., Richmond, BC) placed over the right leg free Achilles tendon (AT), 
approximately 6 cm distal to the SOL muscle-tendon junction, recorded 128 lines of ultrasound 
radiofrequency data at 155 frames per second using an image depth of 20 mm. This transducer 
placement and depth enabled synchronized assessment of two equally sized tendon depths – 
superficial and deep – corresponding to subtendon tissue thought to arise from the GAS and SOL, 
respectively. This characterization represents the most prevalent anatomical arrangement in 
cadaveric studies (Anson & McVay, 1971; Edama et al., 2015; Szaro et al., 2009; van Gils, Steed, 
& Page, 1996). We secured the second ultrasound probe using a custom probe holder made of a 
layered plastazote foam and wrapped in Coban.  
 For each ultrasound transducer, a 1000 Hz binary analog synchronization signal indicated 
the start and stop of each ultrasound video using a wave form generator (SDG1025, SIGLENT, 
Shenzhen). We co-registered ultrasound data with GRF data and detected heel-strike and toe-off 
gait events using a 10 N vertical GRF threshold. Finally, we quantified time series of GAS and 
SOL fascicle behavior (i.e., length and pennation angle) and superficial and deep Achilles tendon 
tissue behavior (i.e., subtendon displacements), from the same 2 strides per condition, as described 
in detail below. The same investigator processed all ultrasound data to minimize inter-investigator 
variability.  
Triceps Surae Muscle Kinematics  
 At the first co-registered heel-strike, we defined a static polygon region of interest 
surrounding the GAS and SOL muscle bellies and corresponding superficial and deep aponeuroses. 
For each muscle, we defined one fascicle from superficial to deep aponeurosis that most 




2016), based on an affine extension to an optic flow algorithm, quantified time series GAS and 
SOL fascicle length and pennation angle. UltraTrack defines pennation angle relative to the 
horizontal axis of the image. Thus, to more accurately define pennation angle, for each muscle, we 
quantified the angle of the deep aponeurosis relative to the horizontal axis of the image and then 
subsequently applied a frame by frame correction to fascicle pennation angle. For fascicle tracking 
and superficial aponeurosis pennation angle corrections, we visually confirmed the results and 
applied manual corrections when necessary. We filtered all manually corrected tracking results 
using a 4th order low-pass Butterworth filter with a cutoff frequency of 6 Hz and then averaged the 
results over 2 strides (heel-strike to heel-strike). For fascicle behavior, we report time series GAS 
and SOL average fascicle operating length and velocity (i.e., derivative of fascicle length with 
respect to time). For a more direct comparison of longitudinal tissue displacements, we multiplied 
muscle fascicle length by the cosine of the pennation angle to compute longitudinal muscle length 
along the Achilles tendon line of action. Then, to place our results in the context of distal to 
proximal subtendon displacement, we normalized muscle length change results by their length at 
toe-off. Finally, for muscle behavior, we report stance-phase peak differences in longitudinal 
muscle length change (i.e., GAS – SOL).  
Achilles Subtendon Tissue Kinematics 
 A 2-D speckle tracking algorithm quantified localized Achilles subtendon tissue 
displacements using previously published techniques (Chernak Slane & Thelen, 2014). Although 
muscle fascicle data during gait is usually represented from heel-strike to heel-strike to fully 
characterize the stretch shortening cycle, 2-D elastography speckle tracking is more accurate when 
the initial frame corresponds to an instant of negligible tendon force (i.e., toe-off) (Chernak & 




created a rectangular region of interest (~15 x 3 mm grid of nodes with 1 x 0.5 mm spacing, 
encompassing only Achilles tendon tissue) on a reconstructed B-mode image using the raw 
radiofrequency data. A 2 x 1 mm kernel centered at each nodal position contained up-sampled (4x) 
radiofrequency data and acted as a search window for successive 2-D normalized cross-correlation 
functions. Second order polynomials then regularized frame-to-frame nodal displacements that 
maximized the 2-D cross correlations, using a threshold of r=0.7 (Korstanje, Selles, Stam, Hovius, 
& Bosch, 2010). In rare cases when correlations fell below threshold, we determined new 
displacements for the relative frames based on a cubic interpolation of neighboring, highly 
correlated frames, and in the subsequent frame we added the median-filtered (3 x 3 nodes) nodal 
displacement. For each stride (toe-off to subsequent toe-off), we averaged the forward and 
backward tracking results. The resultant cumulative displacements represented the longitudinal 
displacements of superficial (i.e., originating from the GAS) and deep (i.e., originating from the 
SOL) subtendon tissue. We filtered all subtendon tracking results using a 4th order low-pass 
Butterworth filter with a cutoff frequency of 6 Hz and then averaged the results over 2 strides (toe-
off to toe-off). Finally, we report Achilles tendon non-uniformity as the stance-phase peak 
differences in longitudinal displacements (i.e., superficial – deep). 
Statistical Analysis 
For each outcome measure, Mauchly’s test of sphericity assessed normal distributions for 
each outcome measure. When the assumption of normality was violated, Greenhouse-Geisser 
adjustments were applied. Mixed factorial ANOVAs tested for the effect of age (young vs. older 
adults) and speed (i.e., 0.8, 1.0, and 1.2 m/s) or horizontal pulling force (i.e., 1.2 m/s, aiding, and 
impeding) on ankle joint kinematics (i.e., range of motion) and kinetics (i.e., peak ankle moment, 




kinematics (i.e., peak fascicle shortening velocity, average fascicle length), peak Achilles tendon 
non-uniformity during stance, and peak GAS-SOL longitudinal muscle length change at the instant 
of peak tendon non-uniformity. When significant main effects were found, two-tailed independent 
samples t tests identified age-related differences. Two-tailed paired samples t tests identified 
differences in muscle behavior (i.e., GAS vs. SOL) and subtendon behavior (i.e., superficial vs. 
deep). Finally, for young and older adults, we calculated Pearson’s correlation coefficients 
between peak Achilles tendon non-uniformity, GAS-SOL longitudinal muscle length change, and 
ankle joint kinetic outcomes. We report effect sizes as 𝜂𝜂𝑝𝑝2 and Cohen’s d for main effects and 
pairwise comparisons, respectively. All statistical tests used an alpha level of 0.05. 
 
RESULTS 
 Average ± standard deviation results and age-related post hoc comparisons for each 
outcome measure are summarized in Table 2. Results for GAS and SOL average fascicle operating 
length and peak shortening velocity are reported in the appendix. Here, we focus on the main 
effects of speed, horizontal forces, and age. We report age×speed or age×horizontal force 
interaction effects when significant.  
 Average preferred overground walking speed was not significantly different between 
young (1.3±0.1 m/s) and older (1.2±0.2 m/s) adults (P = 0.19, d = 0.65). Ankle range of motion 
increased with increased speed (P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.309) and horizontal force (P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.274). 
Compared to young, older adults walked with 3.2±0.8° less ankle joint range of motion across our 
study protocol (Speed: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.313; Force: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.332; Figure 18). Peak ankle 




values < 0.05, 𝜂𝜂𝑝𝑝2 ≥ 0.602) and horizontal force (P-values < 0.05, 𝜂𝜂𝑝𝑝2 ≥ 0.696), as shown in Figure 
19. Although we did not observe a significant main effect of age on peak ankle moment (Speed: P 
= 0.34, 𝜂𝜂𝑝𝑝2 = 0.057; Force: P = 0.18, 𝜂𝜂𝑝𝑝2 = 0.112), older adults did walk with significantly smaller 
peak ankle power than young (Speed: P = 0.07, 𝜂𝜂𝑝𝑝2 = 0.188; Force: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.247). In 
addition, although we did not observe a significant main effect of age on positive ankle push-off 
work during conditions that changed speed (P = 0.58, 𝜂𝜂𝑝𝑝2 = 0.020), older adults tended to perform 
less positive ankle push-off work than young during conditions that altered horizontal forces (P = 
0.06, 𝜂𝜂𝑝𝑝2 = 0.202). The purpose of this study was to investigate muscle-level behavior as a 
determinant of previously observed correlations between tendon-level behavior and reduced 
mechanical output at the ankle in older adults. As such, we first report tendon-level outcomes, 
followed by muscle-level outcomes at the instant of peak tendon non-uniformity. For each, box 
plots with individual data points are shown in Figure 20 and time normalized kinematic profiles 
are shown in Figure 21.  
Tendon-Level Outcomes: Subtendon Displacement and Tendon Non-Uniformity 
 Peak superficial and deep subtendon tissue displacements increased with increasing speed 
(P-values < 0.05, ηp2  ≥ 0.454) and horizontal force (P-values < 0.05, ηp2  ≥ 0.443). Peak superficial 
subtendon tissue displacements in older adults were significantly smaller than in young adults 
(Speed: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.538; Force: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.495). Conversely, we did not observe a 
significant main effect of age on peak deep subtendon tissue displacements (Speed: P = 0.21, 𝜂𝜂𝑝𝑝2 
= 0.098; Force: P = 0.41, 𝜂𝜂𝑝𝑝2 = 0.043). Peak Achilles tendon non-uniformity (i.e., superficial – deep 
subtendon displacement) increased with increasing speed (P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.540) and horizontal 




average across our study protocol, 49±9% smaller than those in young (Speed: P < 0.05, 𝜂𝜂𝑝𝑝2 = 
0.721; Force: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.820). Finally, compared to that in young adults, significant 
interactions revealed that older adult peak Achilles tendon non-uniformity was less sensitive to 
changes in speed (age×speed, P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.218) and horizontal forces (age×horizontal force, P 
= 0.05, 𝜂𝜂𝑝𝑝2 = 0.294).  
 We observed a significant, positive correlation between peak Achilles tendon non-
uniformity and positive ankle push-off work in young adults (Speed: P < 0.05, R = 0.397; Force: 
P < 0.05, R = 0.525; Figure 22). However, we did not observe a significant correlation between 
tendon-level behavior and ankle joint kinetics for any other condition or age group.  
Muscle-Level Outcomes: Muscle Length Change and GAS vs. SOL Differences 
 At the instant of peak Achilles tendon non-uniformity, GAS and SOL longitudinal muscle 
length change relative to toe-off increased with increasing speed (P-values < 0.05, ηp2  > 0.261) and 
horizontal force (P-values < 0.05, ηp2  ≥ 0.529). Older adult GAS longitudinal muscle length 
changes were significantly smaller than those in young adults (Speed: P = 0.05, 𝜂𝜂𝑝𝑝2 = 0.219; Force: 
P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.421). Moreover, compared to those in young adults, significant interactions 
revealed that older adult GAS longitudinal muscle length changes were less sensitive to changes 
in horizontal force (age×horizontal force, P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.410). Conversely, we did not observe a 
significant main effect of age on SOL longitudinal muscle length change (Speed: P = 0.45, 𝜂𝜂𝑝𝑝2 = 
0.036; Force: P = 0.33, 𝜂𝜂𝑝𝑝2 = 0.060). These disparate effects on GAS versus SOL longitudinal 
muscle length change are likely complicated by changes in joint posture. However, at the instant 




change relative to toe-off were significantly smaller than those in young adults (Speed: P-values < 
0.05, 𝜂𝜂𝑝𝑝2 ≥ 0.283; Force: P-values < 0.05, 𝜂𝜂𝑝𝑝2 ≥ 0.272).  
 At the instant of peak Achilles tendon non-uniformity, GAS – SOL differences in 
longitudinal muscle length were unaffected by changes in speed (P = 0.638, ηp2  = 0.028) and 
horizontal force (P = 0.16, ηp2  = 0.108). Older adult muscle-level differences were, on average 
across our protocol, 17% smaller than those in younger adults (Speed: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.275; Force: 
P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.630), but with high variability (e.g., 39% smaller during impeding force condition 
and 5% larger during the aiding force condition). Moreover, compared to those in young adults, 
significant interactions revealed that older adult muscle-level differences were less sensitive to 
changes in speed (age×speed, P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.174) and horizontal forces (age×horizontal force, P 
< 0.05, 𝜂𝜂𝑝𝑝2 = 0.272).  
 We did not observe a significant correlation between GAS – SOL differences in 
longitudinal muscle length change behavior and Achilles tendon non-uniformity during conditions 
that altered speed for young or older adults (P-values ≥ 0.46, R-values ≤ 0.149). However, muscle-
level differences positively correlated with Achilles tendon non-uniformity in young (P < 0.05, R 
= 0.502) but not older adults (P = 0.41, R = 0.165) during conditions that altered horizontal force 
(Figure 23). For conditions that altered speed, we only observed a significant correlation between 
young adult muscle-level differences and peak ankle moment (P < 0.05, R = 0.487). Conversely, 
during conditions that altered horizontal force, GAS – SOL differences in longitudinal muscle 
length behavior positively correlated with peak ankle moment (P < 0.05, R = 532), peak ankle 
power (P < 0.05, R = 0.420), and positive ankle push-off work in young (P < 0.05, R = 0.600). In 

































Figure 17: Schematic showing experimental manipulations and the application of dual-probe 
ultrasound imaging of (1) medial gastrocnemius (GAS-blue) and soleus (SOL-yellow) muscle 











Figure 18: Group average profiles for ankle angle, knee angle, soleus (SOL), and medial 
gastrocnemius (GAS) muscle-tendon unit (MTU) length for young (blue) and older (orange) adults 










Figure 19: Group average profiles for ankle moment and ankle power curves for young (blue) and 

















Figure 20: (A) Bar plots representing group average peak medial gastrocnemius (GAS) – soleus 
(SOL) longitudinal muscle length change relative to toe-off. (B) Bar plots representing peak 
superficial – deep Achilles tendon tissue displacements relative to toe-off. Single asterisks (*) 
represent significant differences between young (blue) and older (orange) adults (P < 0.05). Open 














Figure 21: Time normalized, group average profiles for medial gastrocnemius (GAS) and soleus 
(SOL) longitudinal muscle length change (above) and superficial and deep Achilles tendon 

















Figure 22: Correlations between push-off intensity (i.e., peak ankle moment, peak ankle power, 
and ankle push-off work) and (left) Achilles tendon non-uniformity (superficial – deep subtendon 
tissue displacement) and (right) medial gastrocnemius (GAS) – soleus (SOL) longitudinal muscle 
length changes during conditions that alter the mechanical demand for forward propulsion via 
horizontal forces. Individual data points for young and older adults represented by blue and orange 









Figure 23: Correlations between Achilles tendon non-uniformity (superficial – deep subtendon 
tissue displacements) and medial gastrocnemius (GAS) – soleus (SOL) longitudinal muscle length 
changes during conditions that alter speed (left) and horizontal force (right). Individual data points 
for young and older adults represented by blue and orange open circles, respectively. Single 
















Supplementary Figure 3: Group average (standard error) fascicle length and velocity profiles for 
the medial gastrocnemius (GAS) and soleus (SOL) muscles. Single asterisks (*) represent 







Table 2.  












 In this study, we investigated differences in medial gastrocnemius (GAS) vs. soleus (SOL) 
muscle length change behavior as a determinant of previously observed correlations between more 
uniform Achilles tendon tissue displacements and reduced ankle joint mechanical output in older 
adults. We used dual-probe ultrasound imaging to simultaneously quantify muscle length change 
behavior and subtendon tissue displacements during conditions that systematically altered the 
mechanical demand for forward propulsion via changes in speed and the application of horizontal 
aiding and impeding forces. In support of our hypotheses, older adults walked with a significant 
reduction in Achilles tendon non-uniformity that was accompanied by smaller differences between 
GAS and SOL longitudinal muscle length change behavior. Moreover, we observed between-
group differences in the extent to which muscle length change behavior and push-off intensity (i.e., 
moment, power, and positive push-off work) are correlated. As we elaborate in more detail below, 
these findings suggest that age-related changes to the interaction between triceps surae muscles 
and the Achilles tendon appears to negatively impact ankle joint mechanical output.  
 In our study, despite walking with identical experimental manipulations, older adults 
exhibited hallmark deficits in push-off intensity that were evident via conventional biomechanical 
analysis of joint-level kinematics and kinetics. Here, in agreement with the prevailing literature, 
older adults walked with a characteristic reduction in ankle angle range of motion (Boyer, 
Andriacchi, & Beaupre, 2012). Moreover, in response to increased mechanical demand for forward 
propulsion, older adults walked with significantly smaller peak ankle power than young adults 
(e.g., -22% with impeding forces). Likewise, older adults tended to walk with a reduction in 
positive ankle push-off work (e.g., -18% with impeding forces). However, contrary to several prior 




likely as a result of our relatively slow range of walking speeds (Buddhadev & Martin, 2016). Yet, 
similar to our findings, Knaus et al. (2020) revealed that older adults who walked with similar 
ankle moment generation to younger adults presented with deleterious changes in Achilles tendon 
structure-function relations that are not uncovered using conventional biomechanical analyses 
alone (Knaus et al., 2020).  
 Our results for Achilles tendon tissue displacements agree well with previous findings in 
terms of age-related differences and changes in response to increased mechanical demand. Our 
research group previously revealed that the magnitude of Achilles tendon non-uniformity 
increased with faster speeds and, when pooling young and older adults together, positively 
correlated with push-off intensity (non-uniformity vs. moment: R = 0.63; vs. power: R = 0.39; vs. 
positive work: R = 0.44; P-values < 0.05) (Franz & Thelen, 2015). Moreover, this prior work 
showed more uniform Achilles tendon tissue displacements in older adults (age-related differences 
up to 41% at 1.25 m/s), consistent with animal models of aging tendon and a reduced capacity for 
sliding (Thorpe et al., 2012, 2013). Here, we report similar age-related reductions in Achilles 
subtendon non-uniformity that increased at faster walking speeds (up to 53% smaller in older 
adults at 1.20 m/s). We also add that those age-related differences are even larger in response to 
impeding forces designed to increase the mechanical demands for propulsion (age-related 
differences up to 63% during the impeding force condition). However, unlike our previous work 
which pooled young and older adults together, we believe separating age groups will better 
elucidate changes in the interaction between muscle and tendon and the resultant implications on 
ankle joint mechanical output.  
 In young adults, across changes in horizontal force, the magnitude of Achilles tendon non-




behavior. However, these correlations were absent in older adults. Consistent with our previous 
results during fixed-end contractions (Clark & Franz, 2020), more uniform Achilles tendon tissue 
displacements in older adults coincided with a reduction in GAS vs. SOL muscle length change 
behavior. Moreover, we add that older adult muscle- and tendon-level behavior were significantly 
less sensitive to changes in horizontal force. We interpret these cumulative findings to suggest that 
the Achilles tendon facilitates independent triceps surae muscle actuation in young adults and 
restricts that actuation in older adults – likely through decreased capacity for sliding between 
adjacent subtendons. Indeed, compared to younger tendons, older tendons present with a 
proliferation of interfascicle adhesions which may underly prominent reductions in the capacity 
for sliding between adjacent subtendons (Thorpe et al., 2012, 2013). If more uniform Achilles 
tendon tissue behavior restricts triceps surae contractile behavior, our results suggests this 
primarily affects the GAS muscle-subtendon unit. In response to horizontal forces, GAS muscle 
length change behavior and superficial subtendon displacement (i.e., tissue associated with the 
GAS) was significantly reduced in older adults, while SOL muscle-subtendon behavior remained 
unchanged. Moreover, older adult GAS operating lengths were shorter than those of young adults, 
while SOL operating lengths were preserved (see Supplementary Information).  
 The mechanisms underlying age-related deficits in push-off intensity appear to be strongly 
influenced by triceps surae muscle-Achilles subtendon interaction. In young adults, the magnitude 
of GAS vs. SOL muscle length change behavior positively correlated with each measure of push-
off intensity (i.e., peak ankle moment, power, and positive push-off work). In our view, these 
findings provide a mechanistic link for previously observed correlations between the magnitude 
of Achilles tendon tissue non-uniformity and ankle joint mechanical output. Consistent with our 




surae contractile behavior and thus ankle joint mechanical output, we did not observe any 
significant positive correlations between GAS vs. SOL muscle length change behavior and push-
off intensity in older adults. Recently, we combined electromyography, ultrasound imaging, and 
musculoskeletal modeling in the same subjects and revealed that the biarticular gastrocnemius 
muscles play a more significant role than the uniarticular SOL in governing changes in forward 
propulsion in young adults (Clark et al., 2020). It follows that any disruption in muscle contractile 
behavior would deleteriously impact their relative contribution to forward propulsion, thereby 
affecting push-off intensity. Indeed, length is a critical determinant of muscle force production, 
and by extension, moment and power generation (Rubenson et al., 2012). However, it is important 
to note that conclusions based on muscle lengths alone are fundamentally incomplete as they relate 
to muscle-tendon force estimates (Dick et al., 2017; Gottschall & Kram, 2003). For example, the 
stretch and recoil of the Achilles tendon can produce substantial forces during the push-off phase 
of walking and likely governs the speed of ankle rotation as energy is returned, thus significantly 
impacting ankle moment and power generation (Lichtwark & Wilson, 2006; Orselli et al., 2017).   
 Our results may have important implications for the design and control of wearable 
assistive devices that attempt to overcome age-related deficits of forward propulsion. Our study 
suggests more uniform Achilles tendon tissue behavior may primarily affect the GAS muscle-
subtendon unit. To date, the majority of studies disproportionate target the uniarticular SOL 
through the design and prescription of ankle exoskeletons (e.g., (Farris et al., 2013; Nuckols et al., 
2020; Zhang et al., 2017)). At least one study has shown that exoskeleton configurations that mimic 
the biarticular GAS yield larger reductions in metabolic cost during walking than those that mimic 
the uniarticular SOL (Malcolm et al., 2018). Finally, our results may have implications on 




et al., 2015)), rehabilitation strategies (e.g., preferentially strengthen the GAS), or surgical 
techniques that seek to maintain or restore tendon function due to injury or the aging process 
(Pedowitz & Kirwan, 2013).  
Cumulatively, our results suggest advancing age deleteriously impacts triceps surae 
muscle-Achilles tendon interaction, thereby reducing plantarflexor mechanical output. However, 
age-related changes to the neural drive may compound our mechanistic understanding of muscle-
tendon interaction. In our study, with increasing ankle power, we observed a positive slope in 
young adults (i.e., GAS > SOL longitudinal length change) and a negative slope in older adults 
(i.e., GAS < SOL longitudinal length change). This difference may suggest that older adults utilize 
a different neural control strategy than young adults to meet the demand for greater push-off 
intensity, potentially with greater relative reliance on soleus muscle output. With age, Type II fiber 
physiological cross-sectional area, more commonly represented in the GAS, is reduced more than 
that of Type I fibers, more commonly represented in the SOL (Ishihara, Naitoh, & Katsuta, 1987; 
Larsson & Edstrom, 1986). Moreover, compared to young adults, older adults exhibit impaired 
muscle coordination and a loss of viable motor units (Miller et al., 2014). Together, these findings 
necessarily impact triceps surae muscle force generation in older adults, and even if homogenous 
across the triceps surae muscles, could themselves diminish non-uniform Achilles subtendon tissue 
displacements. Finally, we add that increased Achilles tendon tissue compliance due to aging may 
further diminish force transmission from the triceps surae muscles (Narici et al., 2008). 
 There are several important limitations to this study. First, this study uses a generalized 
approximation of triceps surae muscle-Achilles tendon anatomy that may not be fully captured 
using two-dimensional ultrasound imaging. For example, we only imaged the posteromedial SOL, 




Second, we have previously outlined limitations in our muscle (Clark et al., 2020) and tendon 
tracking techniques (Clark & Franz, 2018a; Franz & Thelen, 2015). For muscle, we attempted to 
mitigate errors in automated tracking by recording at a higher frame rate (76 fps) and performing 
frame-by-frame manual corrections of automated results (Aeles et al., 2017; Gillett et al., 2013; 
Kwah et al., 2013). For tendon, we attempted to mitigate motion artifacts by limiting our maximum 
walking speed to 1.2 m/s. Third, we only report subtendon tissue displacements, an outcome we 
can measure with a higher level of confidence than subtendon elongation. Estimating subtendon 
tissue elongation relative to the tendon insertion point on the calcaneus can be prone to errors 
(Csapo et al., 2013; Matijevich et al., 2018). Fourth, we made no attempt to estimate forces 
transmitted from individual muscles through individual subtendons, which are likely 
heterogeneous and highly complex (Bojsen-Moller & Magnusson, 2015). A future studying 
employing musculoskeletal simulations of muscle forces is warranted, although it is unclear if 
traditional modeling approaches (e.g., OpenSim (Delp et al., 2007)) have the biological complexity 
required to fully characterize inter-muscular and inter-subtendon differences. Finally, the majority 
of our conclusions are based on correlations that cannot definitively convey causal links. 
 
CONCLUSION 
 In this study, we provide in vivo evidence that, during walking, older adults present with a 
significant reduction in Achilles tendon non-uniformity that is accompanied by smaller differences 
between medial gastrocnemius and soleus longitudinal muscle length change behavior. Moreover, 
we observed between-group differences in the extent to which muscle length change behavior and 
push-off intensity (i.e., moment, power, and positive push-off work) are correlated. Overall, we 




facilitates independent triceps surae muscle actuation in young adults but restricts that actuation in 
older adults. The resultant disruption in triceps surae muscle contractile behavior likely contributes 
to hallmark reductions in push-off intensity during walking in older adults.  
 
APPENDIX 
Fascicle Operating Length 
 Average GAS and SOL fascicle operating lengths were unaffected by changes in speed (P-
values ≥ 0.26, 𝜂𝜂𝑝𝑝2 ≤ 0.080), but decreased in response to increases in horizontal force (P-values < 
0.05, ηp2  ≥ 0.313). Older adults had significantly shorter average GAS fascicle operating lengths 
than young adults (Speed: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.418; Force: P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.400). Moreover, significant 
interactions revealed older adult GAS fascicle operating lengths were less sensitive to changes in 
horizontal force than that of younger adults (age×horizontal force, P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.322). 
Conversely, we did not observe a significant main effect of age on average SOL fascicle operating 
length (Speed: P = 0.18, 𝜂𝜂𝑝𝑝2 = 0.112; Force: P = 0.27, 𝜂𝜂𝑝𝑝2 = 0.075).  
Muscle Fascicle Velocity 
 The magnitudes of peak GAS and SOL fascicle shortening velocity increased with 
increasing speed (P-values < 0.05, ηp2  ≥ 0.180) but were unaffected by horizontal forces (P-values 
≥ 0.34, ηp2  ≤ 0.065). We did not observe a significant main effect of age on the magnitudes of peak 
GAS or SOL fascicle shortening velocity during conditions that altered speed (P-values ≥ 0.22, ηp2  
≤ 0.091). However, older adult GAS fascicle shortening velocity was significantly slower than 
young adults during conditions that altered horizontal force (P < 0.05, 𝜂𝜂𝑝𝑝2 = 0.236); SOL fascicle 









CHAPTER 6: THE EFFECTS OF TRICEPS SURAE MUSCLE STIMULATION ON 
LOCALIZED ACHILLES SUBTENDON TISSUE DISPLACEMENTS 
 
INTRODUCTION 
 A significant portion of the mechanical power needed to walk is generated by the triceps 
surae (Farris & Sawicki, 2012b). Individual muscles of the triceps surae (i.e., medial 
gastrocnemius [MG], lateral gastrocnemius [LG], and soleus [SOL]) transmit their power through 
the architecturally complex Achilles tendon (AT). The AT is comprised of three distinct bundles 
of tendon fascicles (i.e., “subtendons”) originating from each triceps surae muscle that twist as 
they descend and attach to the calcaneus (Edama et al., 2015; Szaro et al., 2009; van Gils et al., 
1996). We (Clark & Franz, 2018a; Franz et al., 2015; Franz & Thelen, 2016) and others (Crouzier, 
Lacourpaille, Nordez, Tucker, & Hug, 2018; Slane & Thelen, 2014) have suspected that the 
presence of distinct subtendons may allow for some level of independent actuation among the 
individual triceps surae muscles when generating an ankle moment during functional activity. 
Indeed, many studies have revealed different neuromechanical contributions and contractile 
behaviors between the uniarticular soleus and biarticular gastrocnemius muscles during walking 
(Francis et al., 2013; Gottschall & Kram, 2003; Lenhart et al., 2014). However, a clear mechanistic 
link between the activation patterns of individual muscles of the triceps surae and the resultant 
displacement patterns of individual subtendons of the Achilles tendon has yet to be clearly defined. 




(MTUs) in healthy young adults is vital in understanding deleterious changes due to age and/or 
pathology.  
  Using in vivo ultrasound imaging, researchers have revealed non-uniform displacement 
patterns (i.e., greater displacement of SOL subtendon tissue vs. the MG/LG subtendon tissue) in 
the human Achilles tendon during passive ankle rotation, eccentric loading, and walking (Arndt et 
al., 2012; Franz et al., 2015; Slane & Thelen, 2014). We recently added that triceps surae muscle 
dynamics themselves may play a role in precipitating those characteristic non-uniform Achilles 
subtendon displacements patterns (Clark & Franz, 2018a). Specifically, using dual-probe 
ultrasound imaging, we revealed that differences in the magnitude of shortening between the MG 
and SOL positively correlated with differences in tissue displacements in their associated 
subtendons of the Achilles tendon during maximum voluntary isometric contractions. However, 
complex inter-muscular patterns of volitional activation may confound the interpretation of 
emergent subtendon tissue displacements. Tian et al. (2012) observed a direct lateral force 
transmission between the SOL and MG during passive knee motion, evident by significant SOL 
fascicle elongation during MG fascicle shortening, despite the uniarticular nature of the SOL (Tian 
et al., 2012).  As a result, equal force transmission by the MG and SOL is unlikely, requiring a 
specific level of unequal muscle activation to occur. Moreover, compared to the MG and LG, the 
SOL has greater muscle volume and force-generating capacity, possibly resulting in a 
disproportionate influence on Achilles subtendon tissue displacements (Albracht et al., 2008; 
Ogihara et al., 2017). Thus, to control for these potentially confounding factors and to improve the 
understanding of how triceps surae muscles precipitate non-uniform tendon tissue behavior, there 




  Electrical stimulation provides a non-invasive tool to bypass volitional muscle activation 
and establish mechanistic causal links between triceps surae force transmission and resultant 
Achilles subtendon tissue displacement. Using electrical muscle stimulation, Maas et al. (2020) 
demonstrated that Achilles subtendons have some ability to slide independently in Wistar rats 
(Maas et al., 2020). Their findings suggested that a combination of differential triceps surae muscle 
loading, ankle angle, and knee angle affected Achilles subtendon strain, magnitude of 
displacement, and the magnitude of non-uniformity. Despite these findings, the anatomical 
differences between rats and humans may confound our interpretation of emergent subtendon 
tissue displacements. In addition, the Wistar rats were partially dissected to allow for sutures to be 
placed within the Achilles tendon potentially disrupting the in situ behavior of the muscle-
subtendon units which may affect the generalizability of the results.  However, to our knowledge, 
no study to date has leveraged electrical muscle stimulation to regulate individual muscle 
activation while measuring the in vivo Achilles subtendon tissue response in human subjects. 
  The goal of this study was to leverage electrical muscle stimulation to quantify the effects 
of activation to individual triceps surae muscles on localized Achilles subtendon tissue 
displacements. Here, we controlled the magnitude of force transmission of individual triceps surae 
muscles during isometric contractions at various ankle angles and recorded the resultant Achilles 
subtendon displacements using cine B-mode ultrasound imaging. We hypothesized that electrical 
stimulation of individual triceps surae muscles would elicit larger displacements in their associated 
regions of the Achilles tendon. We also tested the secondary hypothesis that the relationship 
between individual and differential (SOL – MG) subtendon displacements would vary with ankle 




L. Liu et al., 2020) and posture-dependent changes in force transmission (Davis, Kaufman, & 




Sixteen healthy young subjects met our inclusion/exclusion criteria and provided written 
informed consent as per the University of North Carolina at Chapel Hill Institutional Review Board 
(16–0379). Participants had no musculoskeletal injuries over the previous six months and did not 
have a history of neuromuscular disease. We excluded six subjects during our quality control 
process for being unable to produce requisite peak ankle moments without discomfort elicited by 
electrical stimulation (n=2), protocol deviations which affected the prescribed torque or analog 
synchronization (n=2), or poor ultrasound image quality (n=2). Thus, we report data for 10 subjects 
(age: 22.5±2.2 years, mass: 67.8±9.21 kg, height: 1.72±0.08 m, 7 females). 
Electrical Simulation Equipment and Protocol 
Stimulating surface electrodes were place on subjects’ right lower leg (Figure 24). 
Specifically, two DONECO stimulating electrodes (~50 x 50 mm with an interelectrode distance 
of 5 mm) were placed over the muscle bellies of the medial gastrocnemius (MG) and the 
posterolateral aspect of the soleus (SOL), nearest the site that elicited the largest twitch contraction 
under stimulation (Figure 24). We respectively aligned each pair of stimulating electrodes in the 
direction of the muscle fascicles (Hermens et al., 2000). Subjects first completed a 6-minute warm 
up walk on a treadmill (Bertec Corp., Columbus, OH) at 1.2 m/s to precondition muscle-tendon 




Thereafter, subjects sat in a dynamometer (Biodex System 4 Pro, Biodex Medical Systems, 
Shirly, NY) with their trunk flexed to ~85° and knee flexed to 20°, the latter replicating the joint 
posture during the push-off phase of walking (Chao, Laughman, Schneider, & Stauffer, 1983). 
Subjects first performed 3 maximum voluntary isometric contractions (MVIC) with their ankle at 
20° plantarflexion. In pilot testing, this joint posture was determined to be the most uncomfortable 
during electrical stimulation, and thus ensured that subjects could accommodate the establish 
stimulus intensities for all conditions.  At this joint posture, we determined the stimulation 
intensities (i.e., StimMG and StimSOL) necessary for the MG or SOL to respectively produce 7.5% 
of the average peak net ankle moment generated from the three MVICs. We applied stimulation 
(Grass Instruments S48 Square Pulse Stimulator, A-M Systems, Carlsborg, WA) using 300 μs 
pulses at 33 Hz according to published recommendations (Merletti, Knaflitz, & DeLuca, 1992). 
We chose 7.5% MVIC since this value produced a measurable net ankle moment (≥4 Nm) without 
undue discomfort. We matched the desired ankle moment to preserve force transmission through 
the Achilles tendon across all conditions, thereby placing our interpretations in the context of 
constant force transition, despite known differences in muscle force-generating capacity (Bojsen-
Moller, Schwartz, Kalliokoski, Finni, & Magnusson, 2010). In another condition, we prescribed 
simultaneous stimulation intensities (i.e., StimBOTH) that produced 15% MVIC peak net ankle 
moment (i.e., twice that of the individual muscles) using the same voltage ratio from the individual 
stimulation conditions and a potentiometer to resist the voltage applied to the muscle with the 
larger net ankle moment response. After all the trials were completed, the subjects then performed 





After determining the voltages necessary to achieve 7.5% and 15% MVIC ankle moment, 
we maintained those voltages during all subsequent ankle joint postures. Specifically, at three 
ankle joint angles (i.e., 20° dorsiflexion, neutral [0°], and 20° plantarflexion), each subject 
underwent 2 sets of 3 electrical stimulation conditions: StimMG, StimSOL, and StimBOTH. In addition, 
subjects performed two volitional contractions (VOL) at each ankle joint posture using ankle 
moment biofeedback. Here, subjects volitionally matched the ankle moment generated by the dual 
stimulation condition using a screen positioned in front of the dynamometer that projected their 
instantaneous ankle moment and a target line representing the dual stimulation target moment (i.e., 
15% MVIC).  After a brief period of practice, subjects steadily increased their instantaneous ankle 
moment over 1 second, reached the target line, and then steadily returned to rest over 1 second. 
Between conditions, subjects rested for at least 1 minute. We block randomized ankle joint 
postures and experimental conditions as an additional measure to mitigate fatigue effects.  
Electromyographic Measurements 
We placed wireless Delsys Trigno recording electrodes over the lateral gastrocnemius 
(LG), MG, and SOL muscle bellies near the stimulating electrodes and closest to Seniam 
recommendations (Hermens et al., 2000). During stimulation, we were unable to measuring muscle 
activation via recording electrodes due to signal saturation, which occurred at ±2.5 V. Thus, we 
performed a low voltage sweep condition to estimate intermuscular excitation (e.g. STIMMG 
stimulating SOL muscle fibers) between the LG, MG, and SOL. Specifically, we applied a 
continuous 300 μs pulse train at 33 Hz that gradually increased from 0 V to 2.5 V. The low voltage 
sweep was applied to the MG and SOL at each ankle joint posture. We truncated and full wave 
rectified the measured LG, MG, and SOL muscle activations between 0.75±0.05 V to 2.25±0.05 




the activation ratios between the LG, MG, and SOL by comparing peak EMG values. For each 
muscle being stimulated (i.e., MG and SOL), Pearson’s correlation coefficients determined the 
relation between stimulation intensity (i.e., voltage) and measured activation ratios.  
Ultrasound Measurements 
A 7 MHz 38-mm linear array ultrasound transducer (L14-5W/38, Ultrasonix Corporation, 
Richmond, BC) operating at 155 frames/s recorded 128 lines of ultrasound radiofrequency (RF) 
data from subjects’ right free Achilles tendon (AT). The transducer was placed ~6 cm distal to the 
SOL muscle tendon junction and was secured via a custom orthotic (Franz et al., 2015). A two-
dimensional (2D) speckle tracking algorithm estimated localized displacements of AT tissue using 
previously published techniques (Chernak & Thelen, 2012; Chernak Slane & Thelen, 2014). In 
brief, we placed a rectangular region of interest (ROI) ~15 x 3 mm on a B-mode ultrasound image 
of the free AT at rest. The ROI contained a grid of nodes with 0.83 x 0.42 mm spacing defined to 
encompass only tendinous tissue. A 2 mm x 1 mm kernel containing up-sampled (4x) RF data, 
centered at each nodal position, provided a search window over which we defined 2D normalized 
cross-correlation functions between successive frames. We defined localized frame-to-frame nodal 
displacements that maximized these 2D cross-correlations, with the cumulative displacement 
representing the average of forward and backward tracking results. Subtendon tissue 
displacements were determined by averaging the displacements of nodes arising from two equally 
size tendon depths, superficial and deep, corresponding to the part of the Achilles anatomically 
considered to originate from the MG and SOL, respectively. Although many studies have 
acknowledged variation in AT architecture, our reported orientation, with equal sized MG and 
SOL subtendons, represents the majority of anatomical observations in cadaveric studies (Del 




Data Reduction and Analysis 
We filtered peak ankle moment and subtendon displacement data using a 4th order 
Butterworth filter with a cutoff frequency of 12 Hz. Binary analog signals originating from the 
ultrasound and Grass stimulator were used to synchronize ultrasound imaging with stimulation 
onset and torque generation. We analyzed all data between “key-frames” signifying the start and 
end of the trial. For the volitional condition, key-frames represented the onset and offset of ankle 
moment generation using a 5% threshold based on that conditions peak value. For the electrical 
stimulation conditions, the start key-frame represented the onset of stimulation and end key-frame 
used an analogous 5% threshold.  
Statistical Analysis 
Statistical analyses were performed using SPSS Statistics 26 (SPSS, Chicago, IL). We 
performed a two-way (condition×ankle posture) repeated measures analysis of variance (ANOVA) 
for each of the following primary outcome measures: peak ankle moment, peak SOL subtendon 
displacement, peak MG subtendon displacement, and Achilles tendon non-uniformity (i.e., peak 
SOL subtendon displacement – peak MG subtendon displacement). We also performed a one-way 
(ankle posture) repeated measures ANOVA on passive ankle moment. When a significant main 
effect or interaction was found, we performed Tukey’s post-hoc pairwise comparisons to assess 
differences between condition and ankle joint posture. Effect sizes are reported as 𝜂𝜂𝑝𝑝2 and Cohen’s 
d for main effects and pairwise comparisons, respectively. 
We used a combination of two mixed models to determine if generated ankle moment was 
a governing factor in measured tendon non-uniformity. We used a generalized linear mixed model 
with condition and ankle posture as fixed factors and generated moment as a random factor. In 




sided paired student’s t-tests were performed to determine if there was fatigue due to electrical 
stimulation by testing if subject’s average post collection MVICs was less than their averaged pre 
collection MVICs. Paired student’s t-test was also performed to determine if EMG activation ratios 
would be preserved across a range of stimulation voltages by comparing Pearson’s correlation 
coefficients of activation ratios (MG/LG/SOL) to 0. For all comparisons, we defined significance 
using an alpha level of 0.05.  
 
RESULTS 
All results are reported as mean ± standard deviation. Tabulated descriptive statistics are 
provided in Table 3. 
Peak Ankle Moment 
We found no difference between baseline MVIC moments (81.3±21.8 Nm) and those 
measured at the end of the session (73.2±16.3 Nm) (p=0.194). Ankle posture had a significant 
main effect on passive ankle moment (F2,18=18.135, p<0.001, 𝜂𝜂𝑃𝑃2=0.668), with significant pairwise 
increases from 20° plantarflexion to 20° dorsiflexion (p-values≤0.012, d≥0.441, Figure 25). 
However, we found no significant main effect of ankle posture (F2,16 =2.398, p=0.123, 𝜂𝜂𝑃𝑃2=0.231) 
or significant posture×condition interaction (F2,16 =1.5, p=0.252, 𝜂𝜂𝑃𝑃2=0.158) on peak ankle 
moment. There was a main effect of condition (F3,24=18.283, p<0.001, 𝜂𝜂𝑃𝑃2=0.696) on peak ankle 
moment. However, as designed, pairwise comparisons revealed no significant differences between 
single muscle stimulation conditions (i.e., STIMMG vs. STIMSOL) (p-values≥0.176, d≤0.456) nor 




Individual Subtendon Tissue Displacements 
Time normalized, group average subtendon displacement patterns are depicted in 
Supplementary Figure 4. We found significant main effects of ankle posture (MG: F2,16=14.418, 
p<0.001 𝜂𝜂𝑃𝑃2=0.643; SOL: F2,16=21.041, p<0.001, 𝜂𝜂𝑃𝑃2=0.725) and condition (MG F2,14=6.797, 
p=0.011, 𝜂𝜂𝑃𝑃2=0.459, and SOL F3,24=10.041, p<0.001, 𝜂𝜂𝑃𝑃2=0.557) along with a significant 
interaction (MG: F6,48=4.168, p=0.002, 𝜂𝜂𝑃𝑃2=0.343; SOL: F6,48=6.789, p<0.001, 𝜂𝜂𝑃𝑃2=0.459) for 
individual (MG/SOL) subtendon tissue displacements. Pairwise comparisons revealed 
significantly larger subtendon displacements for STIMBOTH compared to all other experimental 
conditions (p-values≤0.029, d≥1.084) at 20° plantarflexion (20°) and a neutral ankle angle (0°) as 
shown in Figure 26B.  
Subtendon Tissue Non-Uniformity 
Time normalized, group average non-uniform displacement patterns are depicted in 
Supplementary Figure 5. Although we found no significant main effect of ankle posture 
(F2,16=2.288, p=0.134, 𝜂𝜂𝑃𝑃2=0.222) nor a significant condition×posture interaction (F2,14=2.685, 
p=0.107, 𝜂𝜂𝑃𝑃2=0.251) on subtendon non-uniformity, we found a significant main effect of condition 
(F2,16=7.479, p=0.005, 𝜂𝜂𝑃𝑃2=0.483). At 20° plantarflexion, pairwise comparisons revealed 
significantly larger subtendon non-uniformity arising from STIMSOL vs. STIMMG (p=0.004, 
d=0.869, Figure 26C). At neutral ankle angle, non-uniformity was significantly smaller for 
STIMSOL compared to VOL (p=0.039, d=0.608). In addition, non-uniformity arising from STIMMG 
was significant smaller than STIMBOTH and VOL conditions (p-values≤0.003, d≥0.925).  
Using the generalized linear mixed model, we determined that peak moment had no 




larger estimated effect sizes for fixed factors (condition and ankle posture; 0.500±0.051; p<0.001) 





























Figure 24: Depiction of experimental setup illustrating a typical subject’s right medial 
gastrocnemius (MG-blue), lateral gastrocnemius (green), and soleus (SOL-red). With the knee 
flexed to 20°, surface electrodes stimulated the MG and/or SOL muscles at three different ankle 
postures (20° plantarflexion, 0°, and 20° dorsiflexion) while ultrasound recorded Achilles 














Figure 25: Group mean peak passive ankle moment (SD) for each ankle posture. Individual data 
points represented by open grey circles. Asterisks (*) represent significant differences between 














Figure 26: Mean (SD) of peak ankle moment (A), peak differential displacement (B), and peak 
individual subtendon displacement (C) for each experimental condition at each ankle posture. 
Individual data points represented by open grey circles. Consistent with our experimental design, 
non-significant differences between experimental conditions with similar torque targets (STIMMG 
vs. STIMSOL and STIMBOTH vs. VOL) are denoted n.s. (p>0.05). Asterisks (*) represent significant 




Supplementary Figure 4: Time normalized, group mean (SD) displacement patterns of the medial 
gastrocnemius subtendon (blue) and soleus subtendon (red) for each experimental condition at 20° 






Supplementary Figure 5: Time normalized, group mean (SD) subtendon non-uniformity for each 











Table 3.  






In this study, we quantified the effects of triceps surae muscle activation on localized 
Achilles subtendon displacement patterns using targeted electrical muscle stimulation and cine B-
mode ultrasound imaging. Moreover, we controlled for peak ankle moment between analogous 
conditions (i.e., STIMMG vs. STIMSOL and STIMBOTH vs. VOL) to preserve force transmission 
through the Achilles tendon, thereby placing our interpretations in the context of constant force 
transmission despite known differences in muscle force-generating capacity (Crouzier et al., 2018; 
Fukunaga, Roy, Shellock, Hodgson, & Edgerton, 1996; Kinugasa, Kawakami, & Fukunaga, 2005). 
Together, this paradigm provides a first step toward establishing a mechanistic link between 
muscle activation and non-uniform displacement patterns within the Achilles tendon. In partial 
support of our first hypothesis, electrical stimulation of individual triceps surae muscles elicited 
larger relative displacements in their associated regions of the Achilles tendon, at least when the 
ankle was in plantarflexion. Moreover, in support of our second hypothesis, we found that the 
relationship Achilles tendon non-uniformity (SOL – MG subtendon tissue displacements) was 
sensitive to ankle joint posture. As we elaborate below, these findings point to at least some 
neuromechanical independence in actuation between the human triceps surae muscle-tendon units.  
In this study, we sought empirical data associated with the relative independence of triceps 
surae muscle-subtendon units in response to muscle stimulation during fixed-end contractions. 
Interestingly, independent of posture or condition, SOL subtendon tissue displaced, on average, 
more than MG subtendon tissue. Larger relative tissue displacements in the SOL subtendon is most 
likely multifactorial in nature. For example, such behavior may arise from differences between 
gastrocnemius and SOL muscle- and/or subtendon tissue morphology or mechanical properties. 




LG (Albracht et al., 2008), and exhibits greater magnitudes of fascicle shortening and rotation 
during muscle action (Clark & Franz, 2018a). Likely as a result, in a similar study using electrical 
stimulation on rat muscle-tendon units at similar knee angles, Maas et al. (2020) only observed 
greater LG subtendon displacement than SOL subtendon displacement when both biarticular 
gastrocnemius muscles were stimulated (Maas et al., 2020) – a condition not tested in this study. 
Moreover, differences in mechanical properties (e.g., stiffness) are a plausible determinant for 
consistently larger displacements in the SOL subtendon. Using electrical stimulation in an animal 
model, Finni et al. (2018) found that the SOL subtendon undergoes greater strain during SOL 
muscle stimulation (8.4%) compared to the MG subtendon under equivalent MG muscle 
stimulation (4.7%). The authors attribute the differences in subtendon strain arising from isolated 
activation to differences in subtendon stiffness; namely, that the SOL subtendon is more compliant 
than its gastrocnemius counterparts (Finni et al., 2018). Similar to our findings, during MG 
stimulation, they observed equal displacements in SOL and MG subtendons. However, these 
differences are unlikely to fully explain our findings, particularly for conditions designed for 
isolated MG stimulation. Indeed, the interfascicular matrix of the Achilles tendon unevenly 
distributes forces between adjacent subtendons (Thorpe et al., 2015; Thorpe, Riley, Birch, Clegg, 
& Screen, 2016), with possible preference for the more compliant SOL subtendon in order to 
reduce the risk of injury.  
Despite consistently larger tissue displacements in the SOL subtendon, variations in 
subtendon non-uniformity (i.e., SOL subtendon – MG subtendon) were sensitive to stimulation 
condition, particularly at 20° plantarflexion. Peak subtendon non-uniformity, on average, 
decreased (-60.9%) from plantarflexion to dorsiflexion. At 20° dorsiflexion, we did not observe 




tension. Using shear wave elastography, Hug et al. (2013) reported larger triceps surae MTU 
passive tension with ankle dorsiflexion (Hug et al., 2013). Moreover, Liu et al. (2020) reported up 
to four-fold increase in triceps surae MTU stiffness as the ankle moves from plantarflexion to 
dorsiflexion (C. L. Liu et al., 2020). Perhaps accordingly, we found no STIMMG vs. SIMSOL effects 
on subtendon non-uniformity at 0° (i.e., neutral) or 20° dorsiflexion. An increase in passive MTU 
tension would yield smaller subtendon tissue displacements for the same level of force 
transmission, consistent with our observations. Indeed, an increase in relative force transmission 
during the STIMBOTH and VOL condition, despite greater passive MTU tension, resulted in 
significantly greater levels of subtendon non-uniformity than STIMMG and SIMSOL at our 0° neutral 
angle.  
Conversely, when subtendon tissue displacements were largest and passive tension 
smallest (i.e., 20° plantarflexion), STIMSOL elicited significantly larger (+49.4%) tendon non-
uniformity than that of STIMMG. Although it was positive for all conditions, the magnitude of non-
uniformity varied in anatomically consistent ways to individual triceps surae muscle activation. 
Moreover, these findings provide a mechanistic causal link between previously observed 
correlations between triceps surae muscle dynamics and non-uniform Achilles tendon tissue 
displacements during maximum isometric contractions (Clark & Franz, 2018a). Accordingly, this 
in vivo evidence points to at least some neuromechanical independence in actuation between the 
human triceps surae muscle-tendon units – with potentially implications on walking performance. 
Indeed, many studies have suggested the gastrocnemius and SOL muscles contribute differently 
to forward propulsion and vertical support during walking – evidenced by different changes in 
activation (e.g., (Clark et al., 2020; Gottschall & Kram, 2003; Miyoshi et al., 2006)) and fascicle 




Although necessary to abate subject discomfort, the prescribed ankle moment in our study 
of 7.5% and 15% of subjects’ MVIC may not be representative of physiological loading during 
dynamic activity. Very recently, during volitional plantarflexion tasks, Wolfram et al. (2020) only 
observed subtendon non-uniformity after subjects reached 30% of their MVIC moment (Wolfram, 
Hodson-Tole, Morse, Winwood, & McEwan, 2020). However, it is important to note that Wolfram 
et al. used muscle-tendon junction (MTJ) kinematics which may not be representative of Achilles 
subtendon tissue displacements due to unaccounted for anatomical complexity distal to the MTJ 
(DeWall, Slane, Lee, & Thelen, 2014). Nevertheless, it is plausible that our study’s prescription of 
force transmission, less than that generally expected during physiologically loading, may prevent 
definitive extrapolations to more functional activities such as walking. Indeed, peak moment 
values during walking average roughly 60 Nm to 166 Nm depending on walking speed (Hof, Van 
Zandwijk, & Bobbert, 2002), at least five times higher than our torque values (<11 Nm) during 
STIMSOL and STIMMG conditions. Compared to the relatively low peak ankle moments prescribed 
in our study design, we suspect that individual SOL versus MG stimulation would have larger 
disparate effects on tendon non-uniformity at higher levels of force generation, independent of 
ankle posture. 
Establishing a baseline understanding of the relation between individual triceps surae 
muscle activation and resultant Achilles subtendon displacement patterns have important 
implications in the study of gait and mobility limitations. For example, we recently revealed that 
older adults have more uniform subtendon tissue displacements during MVIC tasks that extend to 
anatomically consistent and potentially unfavorable changes in muscle contractile behavior (Clark 
& Franz, 2020). An electrical stimulation protocol, ideally with greater force generation, could 




behavior (via interfascicle adhesions and collagen crosslinking) (Narici et al., 2008) or (ii) tendon-
level behavior is a result of changes in muscle-level behavior (via changes in protein biology, 
muscle coordination, and loss of viable motor units) (Miller et al., 2014). This research may be 
crucial in developing intervention techniques and diagnostic tools to help improve older adults’ 
quality of life and well-being. As another example, these results could help inform procedures that 
surgically repair ruptured Achilles tendons or in response to other tendon injuries. 
There are several limitations of this study. First, we only matched activation ratios between 
stimulation conditions at 20° plantarflexion. However, we did not observe any significant 
differences between peak moment of similar conditions (i.e., STIMMG vs. STIMSOL and STIMBOTH 
vs. VOL) at any ankle posture. Second, we only report isolated stimulation of the MG and SOL, 
along with a generalized anatomical approximation of the MG and SOL subtendons. Third, our 
2D ultrasound imaging technique does not fully capture the complex 3D motion of the Achilles 
tendon which could lead to underestimating gross subtendon displacements. Likewise, we have 
previously described the limitations of the 2D speckle tracking estimates of Achilles subtendon 
displacements (Franz et al., 2015). Fourth, we cannot ensure isolated stimulation of the intended 
muscle (MG/SOL) due to nature of surface stimulating electrodes and EMG saturation. However, 
at voltages below EMG saturation we achieved large differential muscle activation (≥10:1). Fifth, 
researchers have demonstrated that force transmission occurs between adjacent triceps surae 
muscle bellies (Bojsen-Moller et al., 2010; Huijing, Maas, & Baan, 2003; Tian et al., 2012) and 
can increase with increased muscle activation (Finni et al., 2017; Tijs, van Dieen, Baan, & Maas, 
2016). These complex mechanics of intermuscular force transmission may make drawing concrete 
conclusions difficult. However, with equal levels of force transmission between experimental 




be similar between conditions. Finally, we note that during experimental conditions, ankle posture 
may have shifted slightly (<3 degrees), which likely had a negligible effect on observed 
displacement patterns due to the low level of peak ankle moment during conditions (<11 Nm).  
 
CONCLUSION 
Our results suggest that localized tissue displacements within the architecturally complex 
Achilles tendon respond in anatomically consistent ways to different patterns of triceps surae 
muscle activation but are highly susceptible to changes in ankle joint posture. Accordingly, this in 
vivo evidence points to at least some neuromechanical independence in actuation between the 
human triceps surae muscle-subtendon units. Our research may be important in establishing a 
baseline of individual triceps surae muscle contributions to subtendon displacement patterns that 
will facilitate a deeper understanding of deleterious pathologies due to aging, tendon injury, or 
surgical intervention, which may have important implications in the design and implementation of 
















CHAPTER 7: CONCLUSIONS 
The first purpose of this dissertation was to determine the role of triceps surae muscle 
contractile dynamics in governing non-uniform Achilles tendon displacement patterns in young 
and older adults. The second purpose of this proposal was to quantify the effects of aging on triceps 
surae muscle-Achilles tendon interaction and the resultant implications on ankle joint mechanical 
output during walking.   
Study One  
In my first study, we presented evidence that triceps surae muscle dynamics may 
precipitate non-uniform displacement patterns in the architecturally complex Achilles tendon. 
Moreover, we used a dual-probe imaging approach to empower simultaneous assessment of 
muscle and tendon toward an improved mechanistic understanding of triceps surae behavior. Our 
findings may be important for understanding age-associated changes in AT displacement patterns, 
which we suspect alter muscle contractile behavior in older adults. 
Study Two  
As an important step toward establishing mechanistic causal links, the purpose of this study 
was to investigate aging effects on the relation between non-uniform Achilles subtendon 
displacement patterns and triceps surae muscle contractile behavior using dual-probe ultrasound 
imaging during a series of ramped maximum isometric voluntary contractions. Here, we reveal 
that more uniform Achilles subtendon tissue displacements in older versus young adults extend to 




evidenced by smaller differences between GAS and SOL peak shortening during isometric force 
generation. Foremost, these findings provide an important biomechanical basis for previously 
reported correlations between more uniform Achilles subtendon behavior and reduced ankle 
moment generation during waking in older adults. Additional mechanistic insight into the causal 
relations underlying these changes are required before advocating for any specific clinical 
countermeasure. For example, conventional therapies prompting changes from the muscle down 
may be designed to promote independent actuation of individual triceps surae muscles. 
Alternatively, to promote changes from the tendon up, there is some support for the use of 
hyaluronic acid and/or lubricin injection to maintain and restore tendon homeostasis during the 
aging process (Kaux et al., 2015). 
Study Three 
In my third study, we sought to quantify inter-muscular differences in the response of the 
gastrocnemius and soleus muscles to changes in forward propulsion by assessing muscle 
activation, contractile behavior, and model-predicted estimates of force and positive mechanical 
work. By combining electromyography, ultrasound imaging, and musculoskeletal modeling in the 
same subjects, this study provides the most complete report to date of the relative contributions of 
the gastrocnemius and soleus muscles to forward propulsion during walking. Based on consistent 
evidence from empirical measurements and musculoskeletal simulations, we conclude that the 
biarticular gastrocnemius muscles play a more significant role than the uniarticular soleus in 
governing changes in forward propulsion during the push-off phase of walking. Our results may 
have important implications for the prescription of targeted therapeutics and for the design and 




Study Four  
In this study, we provide in vivo evidence that, during walking, older adults present with a 
significant reduction in Achilles tendon non-uniformity that is accompanied by smaller differences 
between medial gastrocnemius and soleus longitudinal muscle length change behavior. Moreover, 
we observed between-group differences in the extent to which muscle length change behavior and 
push-off intensity (i.e., moment, power, and positive push-off work) are correlated. Overall, we 
interpret our findings to suggest that the capacity for sliding between adjacent subtendons 
facilitates differences in gastrocnemius versus soleus muscle shortening in young adults but 
restricts those differences in older adults. The resultant disruption in triceps surae muscle 
contractile behavior likely contributes to hallmark reductions in push-off intensity during walking 
in older adults. 
Study Five  
The goal of this final study was to leverage electrical muscle stimulation to quantify the 
effects of activation to individual triceps surae muscles on localized Achilles subtendon tissue 
displacements. Our results suggest that localized tissue displacements within the architecturally 
complex Achilles tendon respond in anatomically consistent ways to different patterns of triceps 
surae muscle activation but are highly susceptible to changes in ankle joint posture. Accordingly, 
this in vivo evidence points to at least some neuromechanical independence in actuation between 
the human triceps surae muscle-subtendon units. Our research may be important in establishing a 
baseline of individual triceps surae muscle contributions to subtendon displacement patterns that 
will facilitate a deeper understanding of deleterious pathologies due to aging, tendon injury, or 
surgical intervention, which may have important implications in the design and implementation of 




APPENDIX 1: ACTIVATION-DEPENDENT CHANGES IN SOLEUS LENGTH-
TENSION BEHAVIOR AUGMENT ANKLE JOINT QUASI-STIFFNESS4  
 
The triceps surae muscle-tendon units are important in governing walking performance, 
acting to regulate mechanical behavior of the ankle through interaction between active muscle and 
passive elastic structures. Ankle joint quasi-stiffness (the slope of the relation between ankle 
moment and ankle rotation, kA), is a useful aggregate measure of this mechanical behavior. 
However, the role of muscle activation and length-tension behavior in augmenting kA remains 
unclear. Here, 10 subjects completed eccentric isokinetic contractions at rest and at two soleus 
activation levels (25% and 75% isometric voluntary contraction - IVC) prescribed using 
electromyographic biofeedback. Ultrasound imaging quantified activation-dependent modulation 
of soleus muscle length-tension behavior and its role in augmenting kA. We found that soleus 
muscle stiffness (kM) and kA exhibit non-linear relations with muscle activation and were both 
more sensitive to the onset of activation than to subsequent increases in activation. Our findings 
also suggest that kA can be modulated via activation through changes in soleus muscle length-
tension behavior. However, this modulation is more complex than previously appreciated – 
reflecting interaction between active muscle and passive elastic tissues. Our findings may have 





4 Appendix 1 previously appeared as an article in the Journal of Applied Biomechanics. The original citation 
is as follows: Clark, W. H., & Franz, J. R. (2019). Activation-dependent changes in soleus length-tension 





APPENDIX 2: OLDER ADULTS OVERCOME REDUCED TRICEPS SURAE 
STRUCTURAL STIFFNESS TO PRESERVE ANKLE JOINT5   
 
Ankle joint quasi-stiffness is an aggregate measure of the interaction between triceps surae 
muscle stiffness and Achilles tendon stiffness. This interaction may be altered due to age-related 
changes in the structural properties and functional behavior of the Achilles tendon and triceps surae 
muscles. We hypothesized that, due to a more compliant Achilles’ tendon, older adults would 
exhibit lower ankle joint quasi-stiffness than young adults, during walking and during isolated 
contractions at matched triceps surae muscle activations. We also hypothesized that, independent 
of age, triceps surae muscle stiffness and ankle joint quasi-stiffness would increase with triceps 
surae muscle activation. We used conventional gait analysis in one experiment and, in another, 
electromyographic biofeedback and in vivo ultrasound imaging applied during isolated 
contractions. We found no difference in ankle joint quasi-stiffness between young and older adults 
during walking. Conversely, we found that: (i) young and older adults modulated ankle joint quasi-
stiffness via activation-dependent changes in triceps surae muscle length-tension behavior, and (ii) 
at matched activation, older adults exhibited lower ankle joint quasi-stiffness than young adults. 
Despite age-related reductions during isolated contractions, ankle joint quasi-stiffness was 
maintained in older adults during walking – which may be governed via activation-mediated 




5 Appendix 2 previously appeared as an article in the Journal of Applied Biomechanics. The original citation 
is as follows: Krupenevich, R. L., Clark, W. H., Sawicki, G. S., & Franz, J. R. (2020). Older adults 
overcome reduced triceps surae structural stiffness to preserve ankle joint quasi-stiffness during walking. J 
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